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Development of Window Layer for High Efficiency High Bandgap Cadmium
Selenide Solar Cell for 4- Terminal Tandem Solar Cell Applications
Sridevi A. Vakkalanka
ABSTRACT
Tandem solar cells fabricated from thin films provide promise of improved efficiency
while keeping the processing costs low. CdSe as top cell are investigated in this work.
CIGS has been a standardized process with lab efficiencies reaching 18% [53]. This
dissertation focuses on the development of conductive window layer for the development
of a high performance, high bandgap solar cell. ZnSe, Cu2-xSe, and ZnSexTe1-x are
investigated as viable window layers of the top cell.
ZnSe in undoped form forms a good junction with CdSe films, but the Voc from these
devices could never exceed the 360mV mark, while the current densities approached
17.5mA/cm2 [61].To improve Voc’s, the high contact energy at the ZnSe/Cu interface has
to be overcome by replacing Cu with a metal having higher work function or doping the
window layer to form a tunneling contact with Copper.
Deposition of ZnSe from binary sources in presence of nitrogen plasma resulted in films
with proper stoichiometry. However, doping could not be accomplished. ZnTe is easily
dopable, and was the next alternative. ZnTe doping in presence of Nitrogen plasma
resulted in Zn rich films. Hence doping of the ternary compound ZnSexTe1-x was
considered. This work focuses on studying the effects of compositional variation on the
conductivity of the ZnSexTe1-x films. ZnSexTe1-x films were doped using Nitrogen. Films

ix

were deposited by co-evaporation from ZnTe, ZnSe and Se sources. Te/Se ratio was
varied by varying the ZnTe thickness and Se Thickness. Films with Zn/Group VI ratio
close to 1 were measured for conductivity using IV measurements. Highest conductivity
of 2* 10-8 Ω-cm was obtained at ZnSe, ZnTe, and Se thicknesses of 2000Å, 1500Å, and
500Å respectively. The actual carrier concentration could be concealed by the current
limiting Cu contacts. All films with Zn/Group VI ratio close to 1 showed slight
conductivity in the 10-10 Ω-cm range. Layered ZnSexTe1-x Films doped with Nitrogen
had targeted Zn/Group VI ratio of 1, but with a higher Te content. The films were also
slightly conductive, in the 10-10 Ω-cm range. The mechanism limiting the doping in all
the films seems to be the same.

x

CHAPTER I
INTRODUCTION

Rising fuel costs, growing concerns about global warming, and fossil fuel depletion
necessitated exploration of alternate energy sources for future generation power
consumption needs. These sources of energy have to be environment friendly, abundant,
and inexpensive. Energy sources that cannot be replaced after use are called nonrenewable sources. Renewable energy on the other hand comes from natural sources that
are abundant, with no concerns about their depletion or replacement.
1.1 Renewable Energy
The main sources of energy used for present day’s power requirements are coal, oil, and
natural gas. These are non-renewable energy sources and will eventually dwindle. Other
hazardous chemical by-products are also produced from using them, causing grave
concerns among environmentalists. Hence, non-renewable sources will eventually have
to be replaced.
Renewable sources are abundant and natural sources of energy. Most renewable energy
comes directly or indirectly from the sun. Using energy produced from renewable sources
does not result in any harmful chemical by-products, making them “clean” energy
sources. Most of the renewable energy is derived from the Sun, except for the
Geothermal and the Biomass energies. Different kinds of renewable energy sources are
briefly described below.
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1. Solar Energy: Energy is derived from the sun’s radiation. If converted into
electricity, sunlight can be used for heating and lighting homes, and other
everyday power requirements. Sunlight is abundant and no hazardous by products
are produced.
2. Wind Energy: The sun’s heat produces winds which can be used to rotate wind
turbines. The wind turbines are usually mounted on a tower 100 ft above ground
to take advantage of faster and less turbulent wind. The rotation of the blades of
the wind turbines spins a generator, producing electricity.
3. Hydropower: The sun’s heat causes water to evaporate and form water vapor.
Upon condensation, the water vapor turns into rain and flows downhill in the form
of rivers. This energy from the flow can be captured to generate electricity.
4. Biomass Energy: Energy from plants and plant derived materials is called
biomass energy. Wood is the largest source of biomass energy. Burning biomass
releases energy which can be converted into liquid fuels or the released gases can
be used as fuels to generate electricity.
5. Hydrogen: It is one of the most abundant materials. However, it is not available
in its elemental forms. It’s rather found as a constituent in organic compounds or
combines with oxygen to form water. If separated from the materials Hydrogen
can be used as a fuel to generate power.
6. Geothermal Energy: Earth’s internal energy can be used to produce electricity.
Heat from hot water in the earth’s crust, and the earth’s internal heat can be used
to produce electricity.
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7. Ocean/Tidal Energy: Ocean energy comes from ocean waves. Sun’s energy also
heats the ocean surface more than the deeper waters creating a temperature
gradient. This gradient can be used to generate energy.
All the above energy sources have specific advantages and disadvantages. However, the
feasibility of energy conversion and cost effectiveness of the conversion processes are the
most important factors that contribute to the popularity of a specific energy source. Solar
energy is abundant, and if effectively tapped can be used to produce electricity at a very
low cost. Solar energy comes from the sun and will last for billions of years. This
abundant light energy can be tapped using solar cells. Research in this direction has made
large strides and efficient conversion of the sunlight into electricity is now possible at
increasingly lower cost.
1.2 Solar Cells
Solar cells convert sunlight into electricity. The conversion efficiency of a solar cell
depends on the absorption spectrum of the material used to fabricate a solar cell. The
most important solar cell materials that have shown promising performance are Silicon,
GaAs, CIGS (CuInxGa1-xSe2), and CdTe solar cells.
1.3 History and Progress of Solar Cells
Solar cells, as sources of power became a reality over 50 years ago when the research
innovation of three scientists at Bell Laboratories- Daryl Chapin, Gerald Pearson, and
Calvin Fuller brought the performance of crystalline Silicon solar cells from 1% to 8%
[1]. Solar cells were initially used to power satellite systems. However, their use in
terrestrial applications did not gain prominence until the late 20th century [2]. It was in
the late 1990s that PV (Photovoltaic) was used to electrify homes, and for other terrestrial
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applications [3, 4]. Since the beginning of the 21st century, PV sales started to increase
and gained the interest of investors and users [5]. The research progress over the last two
to three decades also helped the PV industry to boom. Worldwide PV shipments
increased exponentially as can be seen in Figure 1.1 [6]. The increase in the shipments
was not only due to substantial improvement in the operating efficiencies and stabilities
of the solar cells, but also due to the incentives provided by the governments, especially
in Europe and Japan [7,8]. In 2004, PV as a technology surpassed the annual sales of
1GW and U.S $10B as a business [53].

Figure 1.1 Photovoltaic Annual Module Shipments as Reported by the Industry [6]
Technology development in this area also contributed to the lower cost per kWh. The
current 18-22 cents/kWh [9] was reached mainly due to R&D development and
improvement in the areas of materials, devices, characterization, and processing. The
next step in the growth process of this technology is the capability to build multi Giga
Watt level plants. To meet this capability more creativity in the science and engineering
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of these devices is required. Present generation PV technology is mainly dominated by
crystalline Silicon, crystalline III-V, and amorphous and poly-crystalline thin film
materials. These materials have been extensively researched and have the potential to
meet the present day and near future power requirements. Higher performance can be
obtained by bridging the gaps between obtainable theoretical efficiency and practical cell
efficiency, between lab and commercial efficiencies when the device area is scaled up,
and between cell and module efficiencies [3]. Bridging these gaps has been the goal of
present day R&D efforts.
This dissertation focuses on the development of thin film tandem solar cells. The main
goal of this research is to fabricate tandem junction solar cells using thin films that can
achieve very high conversion efficiency, while keeping the production and material costs
low. CIGS/CdS and CdSe/ZnSe solar cells have been extensively researched as the
bottom and top cells of the tandem structure respectively. This dissertation mainly
concentrates on the development of transparent conducting II-VI window layers for the
top cell of the tandem structure.
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CHAPTER II
SOLAR CELL DEVICE PHYSICS

2.1 Introduction
The solar cell is a simple PN junction device that converts sunlight into electricity. To
design and fabricate a solar cell with good conversion efficiency, it is necessary to
understand the solar spectrum and the basic device physics of a PN junction. In this
chapter we will discuss in detail about the solar radiation, basic device physics of a PN
junction, a metal semiconductor junction, and the output characteristics of a solar cell.
2.2 Solar Radiation
The sun derives its radiative energy output from a nuclear fusion reaction. This energy is
emitted as electromagnetic radiation in the UV, IR and RF spectral regions (0.2 – 3 µm).
Sunlight reaching the earth’s surface is attenuated by the atmosphere due to water vapor
absorptions in the IR region, ozone absorptions in the UV region and scattering due to
airborne dust and aerosols [10]. The degree to which the atmosphere affects the sunlight
received at the earth’s surface is defined as “Air Mass”, which is defined as the secant of
angle between the sun and the zenith and is a measure of the atmospheric path length
relative to the minimum path length when the sun is directly overhead. Solar energy
distribution is generally represented as solar spectral irradiance (intensity per unit
wavelength) vs. wavelength, as shown in Figure 2.1[13].
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Figure 2.1 Solar Irradiance Outside Atmosphere (Blue) and Transmitted Through
Atmosphere (Orange) [13]
In the figure, Air Mass (AM) 0 (blue curve) is the solar spectrum outside the earth’s
atmosphere. The total intensity associated with the AM 0 spectrum, found by integrating
the area under the blue curve, is 1400 W/m2. AM 0 is suitable for space and satellite
applications.
Air Mass 1.5 (orange curve in the figure) is sunlight that reaches the earth’s surface after
traversing through the atmosphere. Significant loss in the sun’s intensity due to
absorption by ozone, water vapor and aerosols is evident from Figure 2.1. The incident
power of the AM 1.5 spectrum is 844 W/m2. Air Mass 1.5 is a suitable reference for
terrestrial applications.
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2.3 PN Junction Device Physics
Before discussing the operational principle of a solar cell, it is beneficial to understand
the underlying physics of PN heterojuctions.

Figure 2.2 Band Diagram of a Heterojunction PN Diode [15]
2.3.1 PN Heterojunction Diode
A heterojunction PN diode is formed when two different materials, oppositely doped, are
brought into contact. The band diagram of a heterojunction PN diode is shown in Figure
2.2 [15]. The difference in electron affinities creates discontinuities in the conduction
(∆Ec) and the valance bands (∆Ev). The difference in the electron and hole fermi
potentials (doping) forces the bands at the junction to bend. The amount of band bending
is a direct measure of the junction built in potential, Vbi.
Intimate contact of the oppositely doped materials creates a concentration gradient across
the junction resulting in the diffusion of the majority carriers. As the majority carriers
flow in opposite directions, they leave behind ionized acceptors and donors resulting in
an electric field E, and a space charge region. The electric field, E, at the junction
8

opposes the diffusion of majority carriers. There is, however, some current due to the
minority carrier flow (electrons in p-type material and holes in n-type material) which
constitutes the drift component of the total current density. The drift and diffusion
components flow in opposite directions and balance each other resulting in a zero net
current flow under equilibrium.
Under thermal equilibrium,
J n = qµ n nE + qµ n

dE fn
kT dn
= qµ n
=0
q dx
dx

(2.1)

J p = qµ p pE + qµ p

dE fp
kT dp
= qµ p
=0
q dx
dx

(2.2)

Where Jn, Jp: current densities due to electron and hole flow respectively,
q: electron charge, E: magnitude of electric field
µn, µp: electron and hole mobilities,
n, p: electron and hole concentrations and
Efn, Efp: electron and hole fermi potentials.
Equations 2.1 and 2.2 state that under equilibrium, the electron and hole fermi levels are
equal and spatially constant. This can also be observed in Figure 2.2. The electric field is
represented by spatial variation of the intrinsic potential dEi/dx. Regions where the spatial
variation of the intrinsic potential is zero are referred to as bulk or quasi neutral. Solving
Poisson’s equation in the depletion and quasi neutral regions yields [10],
Maximum electric field in the junction:

E max =

qN a x p

εp

=

qN d x n

(2.3)

εn

9

Built in potential in the junction:

Vbi = ∆E c +

kT N cp N d
ln
q
N cn n po

Depletion Layer Width:
Wd = x n + x p =

(2.4)

2ε n ε p (Vbi − V )

qN a N d (ε p N a + ε n N d )

(2.5)

Where Na ,Nd: Doping concentration on the p- and n-side of the junction
pno npo: Minority carrier concentration in the n and p materials
εp , εn : permittivity of the p- and n-type materials.
Ncp, Ncn: Effective density of states of the n and p-type materials.
Current flowing under equilibrium should ideally be zero. However, a very small current,
in the Pico ampere range can be measured due to the flow of the minority carriers (drift
current). This current is called reverse saturation current, given by
Is =

qAD p p no
Lp

+

qADn n po

(2.6)

Ln

Where A : Area,
Dp, Dn: Diffusion coefficients of the minority carriers in the p and n materials.
Lp, Ln : Diffusion lengths of the minority carriers in the p and n materials.
2.4 Metal Semiconductor Junction

Understanding metal semiconductor junctions is vital for efficient design of solar cells.
The band diagram of a metal semiconductor junction is shown in Figure 2.3 [11]. It can
be seen from the figure that, in order to form an ohmic contact with a p-type (n-type)
semiconductor, a metal with work function greater (smaller) than the semiconductor is
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(a)

(b)
Figure 2.3 (a) Band Diagram of Metal n-type Semiconductor Junction (b) Band Diagram
of Metal p-type Semiconductor Junction [11]
needed. Finding metals with very small or very large work functions is difficult. A nearohmic contact can be formed by degenerately doping the semiconductor. Though the
contact potential of such a junction is high, efficient carrier collection is still possible due
to tunneling of carriers through the thin space charge regions. While ohmic contacts
enhance carrier collection, schottky junctions limit current flow into the external circuit.

11

2.4.1 Current Transport Through a Schottky Junction

Current flows through a metal semiconductor junction due to the transport of majority
carriers by thermionic emission. Assuming a barrier height of φBn at the contact, current
due to the flow of electrons from an n-type semiconductor into the metal is given by:
 qφ 
J s →m = AT 2 exp Bn 
 kT 

(2.7)

Where, φBn for n-type semiconductor metal contact is q(φm - χ), qφm is the metal work
function, and qχ is the semiconductor’s electron affinity.
Under equilibrium,
J s →m + J m→ s = 0

(2.8)

The above equations can be used for a p-type semiconductor by changing the current
directions and using qφ Bp = E g − q(φ m − χ ) .

(a)

(b)

Figure 2.4 Schottky Junction Under (a) Forward Bias (b) Reverse Bias [14]
2.4.1.1 Current Transport Under Applied Bias

Band diagram of a schottky junction under forward and reverse bias conditions is shown
in Figure 2.4 [14]. Under forward bias, band bending at the semiconductor side of the
12

junction decreases. However, the barrier height for electron flow does not change.
Therefore, current is dominated by electrons flowing into the metal, though a reverse
saturation component for carriers flowing into the semiconductor still exists. Under
reverse bias, the band bending on the semiconductor side increases while the barrier
height remains unchanged. Almost no current flows under these conditions except for the
negligible reverse saturation current. The I-V characteristics of a Schottky junction and a
PN junction are alike, indicative of a current limiting contact.
I

V

Figure 2.5 I-V Characteristics of a Prefect Ohmic Contact
2.4.2 Current Transport in Ohmic Contact

An ohmic contact has negligible contact resistance relative to the bulk resistance of the
semiconductor. A good ohmic contact is not supposed to limit current flow and have a
very low voltage drop across the junction, compared to the voltage drop across the bulk
of the semiconductor. Since the voltage drop across the junction is negligible, biasing the
device should not affect the transport properties of the junction. The I-V curve of an
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ohmic contact is shown in Figure 2.5. The I-V curve resembles a resistor with the slope
of the curve equal to the contact resistance of the junction. The contact resistance Rc of a
junction is give by [10],

Rc =

k
 qφ 
exp Bn 
qA * T
 kT 

(2.9)

Where, A* is the Richardson Constant.
Voltage drop across the barrier at the junction was neglected in the above equation.
Equation 2.9 indicates that the barrier height has to be as small as possible to obtain small

Rc.
2.4.3 Current Transport in Tunnel Junction

(a)

(b)

Figure 2.6 (a) Schottky Contact (b) Tunneling Contact [16]
A tunneling contact is formed when the semiconductor is heavily doped. Heavy doping of
the semiconductor causes the depletion width to shrink and appear transparent to the
carriers. The contact resistance of a tunneling contact is given as [10],
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 2 ε s m *  qφ  
 Bn  
Rc = exp
 N 

h
D 



(2.10)

Equation 2.10 shows that tunneling current strongly depends on the doping of the
semiconductor. Rc decreases rapidly with increasing ND. For low ND, the current flow is
due to thermionic emission, because the effect of the barrier height dominates at low
doping concentrations. Band diagrams and I-V curves of a shottky and tunnel junction are
shown in Figure 2.6 [16]. For the same barrier height, the heavily doped semiconductor
has an I-V curve that is very close to an ohmic contact. Very low barrier height and heavy
doping are required to obtain low Rc.

Figure 2.7 Tunnel Contact by Introducing a Highly Doped Sandwich Layer [10]
For higher bandgap materials, it is more difficult to find a metal that can form a very low
barrier. Under these conditions, ohmic contacts can be achieved by inserting a heavily
doped sandwich layer between the metal and the semiconductor. The band diagram of
such a structure is shown in Figure 2.7 [10].
2.5 Photovoltaic Effect

When light with energy greater than the device bandgap is incident at the junction,
electron hole pairs are generated. The electric field at the junction sweeps the generated
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carriers in opposite directions resulting in a photocurrent. This phenomenon is called the
“Photovoltaic Effect”. Solar cells are devices containing PN junctions, designed to absorb
as much light as possible and convert it into electricity. Ideal solar cell conversion
efficiency at 300 K as a function of bandgap is shown in Figure 2.8 [53]. It can be
observed that materials with bandgap ranging from 1.0-2.0eV are suitable for fabricating
solar cells.

Figure 2.8 Bandgap vs. Efficiency of Solar Cells [53]
2.6 I-V Characteristics of a Solar Cell

Inferences from I-V characteristics can be used to improve conversion efficiencies by
controlling the doping concentration, film thickness, substrate temperature, and other
deposition parameters. Precise values for Voc, Isc, FF, series and shunt resistances can be
obtained from these measurements.
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2.6.1 Ideal I-V Characteristics of a Solar Cell

The ideal diode equation under dark is given by:
 qV

I = I s  e kT − 1



(2.11)

Where, Is is the reverse saturation current given in equation 2.6, and V is the applied bias.
When a reverse bias is applied across the junction, the exponential term in brackets is
very small compared to 1. So the net current under reverse bias is the reverse saturation
current. Under reverse bias,
I = −I s

(2.12)

I=0

(2.13)

Also, when V= 0,

When a forward bias is applied, the exponential term dominates and the diode equation
(2.11) can be approximated as
qV

I = I s e kT

(2.14)

The above equations are valid for a diode biased under dark conditions. Under
Illumination, charge carriers are generated across the device resulting in a photocurrent
given by

IL = −

qAD p G pτ p
Lp

−

qADn Gnτ n
Ln

(2.15)

Where: Gp and Gn are minority carrier generation rates in the n- and p- type materials
respectively. The diode equation under illumination in given by
 qV

I = I s  e kT − 1 − I L



(2.16)

17

Figure 2.9 Equivalent Circuit of an Ideal Solar Cell [10]
2.6.1.1 Solar Cell Parameters

The Equivalent circuit of an ideal solar cell is shown in Figure 2.9 [54]. Key parameters
used to describe the output characteristics of a solar cell are defined below.

Figure 2.10 Ideal I-V Characteristics of a Solar Cell [54]
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Open Circuit Voltage (Voc), is the voltage measured under zero current conditions.
Setting the net current in equation 2.16 to zero,

Voc =

kT  I L 
ln

q  Is 

(2.17)

Voc has a logarithmic dependence on reverse saturation current Is. Hence, lowering Is
results in an logarithmic increase of Voc.

Short Circuit Current Isc, is the current measured under zero bias condition. Setting V = 0
in equation 2.16, short circuit current is given by

I sc = − I s − I L

(2.18)

I sc = − I L

(2.19)

Since IL >> Is,

Fill Factor FF is defined as
FF=

I mVm
I scVoc

(2.20)

Where: Im and Vm are the maximum extractable current and voltage given by

kT
I m = I sc 1 −
 qVm

Vm = Voc −





(2.21)

kT  kTVm
ln1 +
q 
q





(2.22)

The maximum extractable power from a solar cell is given by:

Pmax = I mVm

(2.23)

FF determines the maximum extractable power of a solar cell. It is also defined as the
“squareness” of the I-V curve.

19

Conversion efficiency of a solar cell is given by

η=

Pmax ( FF ) I scVoc
=
Pin
Pin

(2.24)

Where Pin the incident power of the solar radiation. For terrestrial applications this
corresponds to the AM 1.5 spectrum with the total incident power equal to 844
W/m2.From equation 2.24, high values of Voc, Isc and FF are required to achieve high η.
The IV curve of an ideal solar cell is shown in the Figure 2.10.
2.6.1.2 Factors Influencing the Solar Cell Conversion Efficiency

Assuming that the input incident power, Pin is constant, and disregarding any loss
mechanisms, the following factors influence the conversion efficiency of a solar cell:
1. Bandgap of the solar cell: The solar cell bandgap determines the maximum
achievable Voc’s and Jsc’s. Solar cell with a higher bandgap absorbs lesser
photons, resulting in lower short circuit current density, and vice versa for devices
with lower bandgaps. The efficiency spectrum has a broad maximum and
semiconductors with bangaps between 1eV and 2eV can be considered as solar
cell materials (Figure 2.8).
2. Junction Built-in potential: As discussed earlier, the built-in potential Vbi is due to
the difference in doping concentration across the device. Materials with higher
bandgaps have fermi levels farther apart resulting in higher Voc’s. Ideally, the
built- in potential needs to be equal to the bandgap of a solar cell. However, Vbi is
usually 0.667Eg, where Eg is the solar cell bandgap.
3. Fill Factor: Fill factor determines the maximum obtainable output power.
Improving fill factors is very crucial in the design of solar cells. The main factors
that influence the FF are losses due to collection, series and shunt resistances.
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2.6.2 Non Ideal I-V Characteristics of a Solar Cell

Practical solar cells have output characteristics and performance much different from the
ideal device described above. The difference in performance from the ideal device can be
described by considering the effects of shunt of series resistances. Losses due to the
presence of a leaky diode or a bad junction can be represented by introducing a shunt
resistance in parallel with the diode, while losses due to insufficient doping and current
limiting contacts is represented by introducing a resistor in series with the diode.

Figure 2.11 Equivalent Circuit of a Non-Ideal Solar Cell [62]
The modified solar cell equation, by including the effect of series and shunt resistance is
given by:
 I + I s V − IRs

q
(V − IRs )
ln
−
+ 1 =
I s Rsh
 Is
 nkT

(2.25)

Where: Rs is the series resistance, Rsh is the shunt resistance and n is the diode factor
2.6.2.1 Effect of Series Resistance

Series Resistance accounts for losses due to insufficient doping of the quasi neutral
regions and losses due to the presence of current limiting contacts for carrier collection.
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In the equation, assuming losses due to Rsh are negligible, equation 2.25 reduces to a
transcendental equation given by,
 I + I sc

q
(V − IRs )
ln
+ 1 =
 Is
 nkT

(2.26)

The IV characteristics of a solar cell with for different values of Rs are plotted in Figure
2.12 [10].

Figure 2.12 Effects of Series and Shunt Resistances on Solar Cell Performance [10]
The following observations can be made from the plot:
1. Increasing Rs has little effect on Voc, but Jsc decreases once Rs reaches a
considerably high value.
2. Though the Voc and Jsc are not affected for low Rs, the FF decreases. This results
in low Vm and Im though the Voc and Jsc remain unchanged.
3. Losses due to Rs can be noticed in the forward bias region of the IV curve.
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2.6.2.2 Effect of Shunt Resistance

Shunt Resistance accounts for losses from the presence of leakage paths in the junction,
interface recombination centers, and insufficient band bending to prevent the flow of
carriers across the junction. Neglecting losses due to series resistance, equation 2.25
reduces to
 I + I sc
 qV
V
ln
−
+ 1 =
I s Rsh
 Is
 nkT

(2.27)

Assuming Is, Isc given in the above example, the IV plot for different values of Rsh is
shown in Figure 2.12 [10].
The following observations can be made from the plot:
1. Rsh has no effect on Jsc and Voc for very high values of Rsh.
2. For low Rsh, there is no change in Jsc. However, Voc and FF are much lower.
3. Losses due to Rsh are apparent in the reverse bias region of the IV curve.
2.6.2.3 Role of Diode Factor, n

For an ideal diode, n=1. However, when losses due to recombination, the value of n lies
between 1 and 2. For a junction dominated by recombination, the reverse saturation
current is given by [10]
qAW

I s' =

(2.28)

τ nτ p

Where Is’ > Is. Assuming no losses due to Rs and Rsh, the diode equation reduces to
qV
 mkT


I = I e
− 1



'
s

(2.29)

The value of n can be graphically calculated by plotting semi log plot of I/Is vs. qV/kT
and measuring the slope in the low forward bias region.

23

2.7 Spectral Response

When polychromatic light is incident on a solar cell, each wavelength is absorbed
differently in the device. Generation rate of electron hole pairs as a function of distance
depends on the absorption coefficient and refractive index of the absorber. Since a device
has two neutral regions and a depleted junction, current contribution due to the generation
and flow of minority carriers from each of these regions needs to be considered. The
spectral response is then the sum of the current contributions from each of the above
regions [10].
SR(λ ) =

[J

p

(λ ) + J n (λ ) + J dr (λ )
qF (λ )[1 − R(λ )]

]

(2.30)

Where

SR(λ): internal spectral response
F(λ): # of incident photons/cm2/s per unit bandwidth
R(λ): fraction of the photons reflected from the surface
Jp(λ), Jn(λ), Jdr(λ): Current contributions from n-type quasi neutral region, p-type quasi
neutral region and the depletion region respectively.
2.7.1 Non- Ideal Response: Surface Recombination Velocity

Most of the short wavelengths are absorbed at the front of the device. At very high
energies, the absorption coefficients are also high and most of the SR is from the front
region. However, since the front contact has very high losses due to recombination (Sp) ,
the SR is considerably lower than the ideal internal SR. Internal SR of a Si n-on-p cell
with different surface recombination velocities is shown in Figure 2.13 [10]. Departure
from ideal SR with increasing Sp is clearly evident. Equation for non-ideal response only
considering the contribution from the n-type region is given by [10]
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SR =

1+

Sp

αD p

 S p Lp

x

x

sinh  j  + cosh j 
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p 
p 
p 




(2.31)

Figure 2.13 Effect of Surface Recombination Velocity on Spectral Response of a Solar
Cell [10]
From the above equation
1. For a given Sp, SR can be increased by increasing the diffusion length Lp. This is
possible by increasing the thickness of the depletion region. In this context Lp is
defined in the neutral region.
2. To increase SR, Sp needs to be as small as possible. This is possible by having a
recombination free interface between the contact and the semiconductor. SR can
be maximized by reducing recombination due to the presence of point defects and
grain boundaries.
Once the spectral response is calculated, the total photocurrent is given by [10]
λm

J L = J sc = q ∫ F (λ )[1 − R(λ )]SR(λ )dλ
0

Ideal JL is obtained when R(λ) = 0 and SR(λ) = 1.
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(2.32)

To obtain a large JL,
1. We should have very little reflection losses
2. We should have maximum SR(λ).
2.8 Designing for Optimal Performance

Obtaining high conversion efficiency requires careful designing of the solar cell, so that
maximum numbers of photons are absorbed, while minimizing losses due to reflection
and recombination. In this section we will discuss designing solar cells to
1. Minimize Reflection Losses
2. Minimize Recombination Losses
3. Improve Conversion Efficiency.
2.8.1 Designing to Minimize Reflection Losses

Reflection accounts for 20% loss at the light incident surface. Reflection of photons is
caused due to differences in the refractive indices of the mediums through which light
travels. Since we do not have much choice in engineering the refractive indices, alternate
methods to reduce reflection losses are needed.
2.8.1.1 Anti-Reflective Coatings

One simple way of reducing losses is by applying anti-reflection coating(s) with much
lower refractive index. An anti-reflective coating reflects back only certain wavelengths,
while absorbing/transmitting the remaining. Using a stack of AR materials is also
beneficial in reducing reflection losses. Typical materials used in the anti-reflective stack
are MgF2, Al2O3, ZrO2, Si3N4, etc [56]
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Figure 2.14 A Structure to Enhance Absorption by Increasing Surface Roughness [53]
2.8.1.2 Increasing the Surface Roughness

Though anti-reflective coatings improve absorption, small improvements can be induced
by engineering the fabrication processes of the surface at which light is first incident.
Small changes in the TCO deposition parameters could result in trapping more light.
Increasing substrate temperature during deposition was found to improve the contact’s
surface roughness resulting in better light trapping [55]. Figure 2.14 shows a structure
with pyramidal AR coating, used to enhance absorption by increasing the contact surface
roughness [53].
2.8.2 Designing to Minimize Recombination Losses

If all electron hole pairs generated from the incident photons were collected, the internal
QE (Quantum Efficiency) would be 100%. However, this is never the case. While some
carriers recombine at the junction, others recombine in bulk and at the metal contacts.
Recombination losses at the junction can be minimized by using a homojunction, where
both the n and p-type materials have the same lattice constant. This however comes at the
cost of reduced currents due to the absence of windowing effect, present in
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heterojunctions. Research in thin film growth has advanced in the last few decades and
heterojunctions with very few interface traps can be produced. Therefore, no particular
advantages of using a homojunction over a heterojunction exist. Depending on the choice
of materials, a solar cell engineer could choose to fabricate a heterojunction or a
homojunction and still, successfully fabricate devices with reasonable conversion
efficiencies.
Solar cells with very high conversion efficiencies in both heterojunction and
homojunction configurations were fabricated in the past. Since we are more interested in
heterojunction solar cells for this work, the following are some advantages of using a
heterojunction:
1.

If the bandgap of the first semiconductor is large enough, high energy photons can
be absorbed in the low bandgap absorber, resulting in lower surface recombination
losses and enhanced short wavelength response.

2.

Series resistance losses can be minimized if the first semiconductor can be heavily
doped without affecting the long wavelength transmission response.

2.8.3 Designing to Improve Conversion Efficiencies

The key to improving solar cell conversion efficiency lies in the effective utilization of
the solar spectrum. Researchers have proposed different ways of stacking and connecting
solar cells for improved performance.
Silicon solar cells have claimed >60% of the world’s photovoltaic markets [53]. The
reason for the continued dominance is because commercial Si photovoltaic modules offer
very high conversion efficiencies (~18%) [57], while also providing stable operation over
more than two decades. The main drawback however is their high production costs. The
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cost of producing electricity from these photovoltaic modules is around $0.30 per kWh,
while electricity produced from conventional sources costs around $0.10 per kWh. For
the solar energy to replace the conventional energy sources, the production costs should
be cut down by a factor of 30. Some of the important factors contributing to high
production costs of Si solar cells are:
1. Silicon has an indirect bandgap, requiring a lot of material to absorb the solar
spectrum.
2. Devices made from silicon are very sensitive to the unintentional defects
introduced during various fabrication steps. Minimizing these defects requires that
devices be fabricated in expensive cleanrooms, adding to the production costs.
Alternative ways of reducing production costs is by
1. Fabricating devices on less expensive substrates
2. Using direct band gap materials, where only a few microns of the film can absorb
most of the solar spectrum.
3. Fabricating devices insensitive to the processing environment.
Thin film polycrystalline solar cells fabricated on glass substrates have shown promising
performance. Defects already present due to the grain boundaries overwhelm any process
induced defects, so reasonably good devices can be fabricated in non-cleanroom
conditions. Thin film CdTe and CIGS modules are now commercially available with
conversion efficiencies around 11% [58].
Though theoretical calculations predict efficiencies very close to Si solar cells,
performance of these devices is mostly controlled by the mid-gap grain boundary induced
recombination centers. If the efficiency of these devices can reach that of a Si solar cell,
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the goal of $0.02 per kWh can be easily reached. Connecting or stacking of two or more
solar cells could result in conversion efficiency >25%, while keeping down the
production costs [59]. Fabrication and operation of tandem and multi-junction solar cells
to achieve >25% conversion efficiency will be discussed in the next chapter.
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CHAPTER III
TANDEM JUNCTION SOLAR CELLS

3.1 Introduction

The commercial PV market is dominated by Silicon solar cells, due to their high
conversion efficiency (~18%) and stable operation over a long period of time [57]. For
thin films solar cells to be equally successful, conversion efficiency of 18% should be
obtained, while keeping the processing costs low. CIGS and CdTe modules with
efficiencies ~ 11% are commercially available [58]. In order to achieve still higher
efficiencies of 25% using thin films, tandem solar cells are required. In this chapter we
will discuss the physics and operation of tandem solar cells. We will also discuss the 4terminal CIGS-CdSe tandem solar cell.
3.2 Tandem Solar Cells

Tandem solar cells have two or more solar cells connected. Material properties of each
cell should be chosen to ensure effective utilization of the solar spectrum. While
connecting two solar cells can improve efficiency from 15% to 25%, connecting more
than two devices does not improve the efficiency by the same percent. To achieve 75%
conversion efficiency, the tandem stack should have 36 solar cells [10].
3.2.1 Desirable Properties of Solar Cells in Tandem Junction

Assuming a two cell tandem structure, the required properties of the top and the bottom
cell will be discussed in the next subsections. These properties are very essential in order
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to ensure that the solar spectrum is properly divided between both the devices. The target
is to obtain high open circuit voltages from the devices while having the same current
flowing through both the cells.
3.2.1.1 Properties of the Top Cell

The top cell has to absorb high energy photons. It should have a high bandgap and be
thick enough to absorb high energy visible photons, while being transparent to the lower
energy ones. The Window layer and the contacts of the top cell should be transparent.

Figure 3.1 Efficiency Contour of Tandem Solar Cell with Respect to the Bandgap of the
Top and the Bottom Cells [22]
3.2.1.2 Properties of the Bottom Cell

The bottom cell should have a low bandgap to absorb photons transmitted by the top cell.
The current output of a series connected tandem solar cell is dominated by the smallest of
the currents between the two cells. Maximum performance is achieved by careful
bandgap matching of the top and the bottom cells. Figure 3.1 shows contours of
efficiency for a series connected tandem solar cell [22]. 28% conversion efficiency can be
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achieved if bandgaps of the top and the bottom cells are in the 1.7eV and 1.0eV ranges
respectively. Output of the bottom device depends on the structure of the top cell.
Thickness of the absorber and transparency of the contacts are important properties that
affect the response of the bottom cell. Metals are usually not transparent, necessitating
the use of conductive transparent materials. The transparency of the contacts should not
be compromised for obtaining high doping concentrations.
3.3 Operation of a Tandem Solar Cell

The high bandgap top cell absorbs the high energy photons while the bottom cell absorbs
the lower energy ones. Assuming proper ohmic contacts, doping concentrations and
negligible losses due to reflection, band bending in the top cell is much higher, resulting
in larger Voc’s. For a series operated tandem solar cell, the final output Voc is the sum of
the Voc contributions from the individual devices, while the final short circuit current is
the smallest of the individual currents.

Figure 3.2 Equivalent Circuit of a Two-Junction Tandem Solar Cell [60]
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Figure 3.3 Calculated I-V Curves for Tandem Solar Cells Under Illumination (a) Ideal
Junctions (b) Effect of Series Resistance (c) Partial Shunting of Higher Current Junction
(d) Partial Shunting of Lower Current Junction [60]
Connecting two or more cells in series, with each cell sensitive to different parts of the
solar spectrum, is the principle of a tandem solar cell. Performance of a tandem structure
with two series connected solar cells was modeled by R.R. Potter and J.R. Sites [60]. The
effective circuit, including the series and shut resistance components is shown in Figure
3.2 [60]. The leakage of individual cells is represented by the shunt resistance Rsh, while
the bulk semiconductor series resistance is represented by Rs. The basic output ideal and
non-ideal I-V characteristics from a tandem junction solar cell under illumination are
shown in Figure 3.3 [60]. The tandem output of the device is given by the voltage
addition of the individual cells, since same current has to flow between the cells.
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Maximum power output can be achieved by adjustment of bandgaps and thickness of the
top cell. From the I-V characteristics [60], the effect of higher series resistance in the top
cell of Figure 3.3 (b) is to reduce the slope of the curve in the higher forward bias region,
thereby reducing the Fill Factor. In Figure 3.3 (c), lowering the shunt resistance of the
bottom cell does not affect the output characteristics of the tandem solar cell. This is
because the excess current from bottom cell due to shunting is not utilized in the output
voltage of the complete tandem device. In Figure 3.3(d), shunting the top cell results in a
higher current output. This is due to the inability of the lower cell to block the
photocurrent from the first cell. The overall efficiency is however degraded by the lower
Fill Factor.

Figure 3.4 Band Diagram of a Series Connected Tandem Solar Cell [19]
3.3.1 2-Terminal Tandem Solar Cell

The band diagram of a series connected 2- terminal tandem solar cell is shown in Figure
3.4 [19]. Absorber layers in the device are connected through recombination planes.
Carriers generated in the cells drift towards the tunnel junction or the recombination
plane, where they recombine. The output current in this configuration is due to the
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carriers generated at the front and back of the structure. Carriers generated anywhere else
recombine at the tunnel junction. 2- Terminal tandem structures can be fabricated on a
single substrate (monolithic tandem solar cell), as shown in Figure 3.3[53].

Figure 3.5 2-Terminal Monolithic Series Connected Tandem Solar Cell [53]
2-Terminal tandem structures have two contacts and usually fabricated on a single
substrate. R.R. Potter and J. R. Sites investigated a 2-terminal structure with n-Si and nCdSe as the bottom and top cells respectively [60]. The band diagram of the device is
shown in Figure 3.6 [60]. The I-V characteristics of the structure measured under AM 1
radiation is shown in Figure 3.7 [60]. It can be noticed from Figure 3.7 that the Voc is
above 1.0V and nearly equal to the sum of individual diode voltages. The current
produced by the tandem structure is a little larger than that predicted by the individual
junctions. This could be due to the better quality of the CdSe films when evaporated on
the SnO2/Si, rather than the ITO/Glass [60].
3.3.2 3-Terminal Tandem Solar Cell

The schematic of a 3- terminal tandem solar cell is shown in Figure 3.8 [53]. The device
has two P/N junctions stacked on a single substrate. There are three contacts, making it
possible to measure the response of each junction independently, or of the whole device
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as a 2-terminal tandem structure. These devices can also be made without a
recombination plane. However, transparent ohmic contacts are required to reduce
reflection and absorption losses.

Figure 3.6 Schematic Band Diagram for n-Si/SnO2/n-CdSe/Electrolyte Tandem Junction
Solar Cell [60]

Figure 3.7 I-V Characteristics Under AM1 Illumination for the Individual Diodes
(Dotted), for the Predicted Sum of the Individual Diodes (Dashed), and for the Actual
Monolithic Tandem Cell (Solid) [60]

37

Figure 3.8 Structure of a 3-Terminal Series Connected Tandem Solar Cell [53]
A 3-terminal tandem solar cell fabricated on ZnSe substrate was investigated by
P.Gashin, et al [20]. Two PN junctions are formed between n-ZnSe/p-ZnTe and pZnTe/n-CdSe. The Band diagram and the device structure are shown in Figure 3.9 [20].

Figure 3.9 Cell Structure and Band Diagram of a 3- Terminal Monolithic Tandem Solar
Cell [20]
Au and In were vacuum evaporated to form contacts to ZnTe and CdSe respectively. In
contacts were deposited on ZnSe at 400oC. The IV characteristics of the individual
devices can be measured using leads from contacts 1 and 2 or 2 and 3, while the response
of the entire structure can be measured using contacts 1 and 3. The IV characteristics and
QE response of the individual devices are shown in Figure 3.9 and Figure 3.10
respectively [20]. Table 3.1 shows the Voc, Jsc and efficiency (η) of the individual devices
and the tandem structure [20]. From the Table, the Voc of the tandem solar cell is 1.78V
and the output current is 4.3mA/cm2.
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Table 3.1 Output Response of the ZnSe/ZnTe/CdSe 3-Terminal Tandem Solar Cell [20]

Figure 3.10 I-V Characteristics of the ZnSe/ZnTe/CdSe 3-Terminal Tandem Solar Cell
(a) Top Cell (b) Bottom Cell [20]

Figure 3.11 Q.E. of the ZnSe/ZnTe/CdSe 3-Terminal Tandem Solar Cell [20]
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3.3.3 4-Terminal Tandem Solar Cell

The schematic of a two cell 4- terminal tandem solar cell is shown in Figure 3.12. The
main advantage of this configuration is the elimination of the recombination plane and
other fabrication hassles. The fabrication and response of each cell can be tuned
independently. Cells are connected in series or parallel using external leads. The
disadvantage with this structure is optical losses due to refection in the transparent
contacts and the encapsulant.
3.4 CdSe - CIGS Tandem Solar Cell

Efficiencies >25% are achievable if the bandgap of the top cell is 1.7eV and the bottom
cell is 1.0eV [22]. A 4- Terminal tandem solar cell with CdSe as the top cell and CIGS as
the bottom cell is shown in Figure 3.13.

Figure 3.12 4-Terminal Tandem Solar Cell Structure [53]
3.4.1 CIGS Solar Cell

CIS and CIGS solar cells have been widely investigated as future generation thin film
solar cells. Lab efficiencies of 18% [53] are reported while commercially manufactured
CIGS solar cells have efficiencies ~ 10% [25].
CIGS (Copper Indium Gallium di Selenide) is a p-type absorber layer. It has very high
absorption coefficients due to its direct bandgap. The p-type behavior is due to Copper
vacancies. The fabrication details of this device will be discussed later. The n-type
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partner is CdS. Ohmic contacts to CIGS and CdS are formed by depositing Molybdenum
and transparent ZnO: Al films respectively. Light is incident through the top contact
(ZnO: Al), making it a substrate structure. Soda lime glass is used as the substrate. The
maximum temperature used during the processing of this device is only 570oC, allowing
more complaisance in the selection of a cheaper substrate and a low thermal budget.
Glass
Top Window Layer
CdSe
Transparent Conductor
Encapsulant

R1
R2
R3

Top Window Layer
CIGS
Molybdenum
Glass

Figure 3.13 4-Terminal CIGS-CdSe Tandem Solar Cell Structure
For a Ga content of 10%, CIGS has a bandgap of 1.0eV and absorbs a very wide range of
the visible spectrum, resulting in very high current densities, ~40mA/cm2 and Voc s in
excess of 500mV. The schematic of a CIGS solar cell structure is shown in Figure 3.14.
3.4.2 CdSe/(ZnSe or ZnTe or ZnSexTe1-x) Solar Cell

CdSe is n-type with a band gap of 1.7eV. These devices were initially investigated by H.
Richter by forming a junction between Cr/n-CdSe/p-ZnTe/Au. [28]. Though theoretical
analysis suggested diffusion voltages in excess of 1.5V, the actual Vocs from the device
were only 850mV. An output current of 20mA/cm2 was observed.
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CdSe solar cells are investigated as possible top cells of the 4-terminal tandem structure.
The cell structure is shown in Figure 3.15. A p-type window layer or a transparent
conducting window layer is needed to produce the necessary band bending. ZnSe, Cu2xSe,

ZnTe, and ZnSexTe1-x are investigated as possible window layer partners. Theoretical

calculations resulted in 1.0V Voc’s and 18.5mA/cm2 current densities [59]. Current
densities in excess of 17mA/cm2 and Vocs of 360mV were reported with undoped ZnSe
as the window layer [49]. Current efforts are directed at achieving higher Voc’s by
increasing the doping concentration of the p-type layer.
ZnO: Al
Silver

n-type CdS
p-type (CIGS)
Molybdenum
Glass

Figure 3.14 Device Structure of a CIGS/CdS Solar Cell
The band diagram of a CdSe solar cell is shown in Figure 3.16 [39]. The CdSe layer is
completely depleted. Under such conditions the Voc is limited by contact energies of the
Cu and the SnO2:F contacts. ZnSe has a bandgap of 2.6eV. The contact energy between
intrinsic ZnSe and Cu is already high. Au has a higher work function than Cu, but results
in degraded performance [61]. Hence, to reduce the contact energy it is necessary to
form a tunnel junction with Cu by heavily doping ZnSe. The main emphasis of this thesis
is to investigate the p-type doping in ZnSe, ZnTe and ZnSexTe1-x to form a tunneling
contact with Cu contacts.
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Cu
In

ZnSe
CdSe
SnO2:F
Glass

Figure 3.15 Structure of a CdSe/ZnSe Solar Cell

Figure 3.16 Simplified Band Diagram of a Transparent CdSe Device [39]
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CHAPTER IV
TANDEM SOLAR CELL DEVICE FABRICATION AND MEASUREMENTS

4.1 Introduction

Fabrication details of the CIGS and CdSe solar cells will be discussed in this chapter.
4.2 Processing of CIGS Solar Cell

CIGS/CdS solar cell is the bottom cell of the tandem stack. Soda lime glass is used as a
substrate. Molybdenum is the back contact to p-type CIGS. ZnO: Al is the transparent
front contact to n-type CdS.
4.2.1 Substrate

2”X2” soda lime glass is carefully cleaned to remove any particulates and contaminants
before depositing the Mo back contact. The glass is first soaked in soapy water for 4-5
hours followed by scrubbing with a sponge. The substrates are then rinsed in DI water
and submerged in a 2-propanol ultrasonic bath for 15 minutes. After a quick rinse the
substrates are cleaned in a hot water bath at 70oC for 30 minutes. The substrates are blow
dried with Nitrogen before use.
4.2.2 Mo Back Contact Deposition

Mo is a metal and is deposited by DC sputtering. The deposition is carried out at two
different pressures to improve adhesion and lower the resistivity. A bi-layer deposition is
carried out with Ar as the sputtering gas. The first 3000Å is deposited at a higher pressure
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Figure 4.1 Selenization Profile During the Annealing of CIGS Films After Precursor
Deposition [63]
of 5mT to improve adhesion to glass. The remaining 7500Å is deposited at 1.5mT to
lower the film’s resistivity. The resistivity of Mo was found to be around 5*10-5 Ω-cm .
4.2.3 CIGS Absorber Layer Deposition

Cu (In,Ga)Se2 films are deposited by evaporation. The deposition is carried out by a two
stage manufacture friendly process. CIS has a bandgap of 0.95eV. Addition of Ga is
found to increase the bandgap, depending on the amount of Ga added. In the first stage,
precursors are formed by sequential deposition of Cu and Ga followed by co-evaporation
of In and Se. Substrate temperature is maintained at 275oC during the precursor
formation.
In the next stage, the substrate is annealed in a Se over pressure environment. The
substrate is heated from 275oC to 450oC in the first 4 minutes, maintained at 450oC for 7
minutes, then increased to 550oC in the next 4 minutes, maintained at 550oC for 7
minutes, and then cooled down. The Se flux is maintained at ~ 19Å/s during the
annealing or selenization process. A thin layer of top Cu (~25Å) is deposited at the 17th
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minute of selenization. This layer of Cu is found to improve Voc’s by improving the film
quality [61]. The formation of CIGS film actually occurs during the selenization process.
The selenization profile is shown in Figure 4.1. The deposition is carried out from a Cu
rich to a Cu poor regime. Cu vacancies are required for the formation of a p-type CIGS
film. Top Cu is found to improve the Voc’s by compensating any complex defects that
could have formed with Cu vacancies [62]. 25 cells, each 0.1cm2 in area are deposited on
the 2”X2” substrate. Since the sources are located on 4 sides of the substrate,
compositional gradients run across the substrate. Devices with Group I to Group III ratio
of 1.0 were found to have the highest conversion efficiencies [62].

Thickness of the

CIGS layer is around 2 µm. CIGS has very high absorption coefficients. A 1 µm film can
absorb most of the solar spectrum. Devices with reduced absorber layer thickness were
investigated and were found to perform as well as the devices with a thicker absorber
[63]. This is especially advantageous in containing processing costs.
4.2.4 CdS Window Layer Deposition

CdS is deposited by Chemical Bath Deposition. The process is very simple and involves
immersion of the substrate in a solution or bath containing Cd and S ions. A thin layer,
300-500Å of CdS is deposited on CIGS. The bath contains 150ml of DI water, 27.5ml of
0.15M Cadmium Acetate, 22ml of 0.015M Thiourea, and 27.5ml of Ammonium
Hydroxide. Stirring and heating were found to improve the film quality by facilitating
heterogeneous reaction on the substrate. Ammonium Hydroxide maintains the PH of the
solution and acts as a complexing agent, while Cadmium Acetate and Thiourea are the
sources of Cd and S ions. Temperature of the bath is gradually increased to 80oC, where
CdS precipitates and deposits on the surface.
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4.2.5 Front Contact ZnO:Al Deposition

ZnO is an insulator and cannot be deposited by DC sputtering. The absence of
replenishing electrons charges the sputtering source. As a result RF sputtering is used. A
sinusoidal signal is applied to the source. During first half of the cycle the cathode is
maintained at a negative potential, attracting the ionized Ar ions. During the second half
the cathode is maintained at a positive potential, attracting electrons in the plasma. These
electrons prevent the target from charging up and sputtering proceeds.
Bi-layer ZnO is deposited by RF sputtering from a 2% wt. Al doped ZnO target. A mask
is used to define the 0.1cm2 dots on the substrate. The substrate is heated to 125oC. The
first 350Å intrinsic ZnO layer is deposited in Ar and Oxygen ambient. Oxygen is found
to suppress formation of Oxygen vacancies, preventing the formation of a Zn rich layer.
The undoped layer isolates the doped ZnO contact layer from CdS and prevents the
diffusion of small Al ions. The doped layer is deposited by sputtering in Ar ambient.
Typical resistivities are found to be around 9*10-4 Ω-cm.
4.3 Processing of CdSe Solar Cell

CdSe/ZnSe is the top solar cell of the tandem stack. Processing temperatures during CdSe
deposition are very high. Corning 7059 glass, which can withstand high processing
temperatures, is used as a substrate. F doped tin oxide is used as n-type ohmic contact to
CdSe, while Cu is used as a front p-type contact to ZnSe. Processing details of the top
cell are described below
4.3.1 Substrate

7059 Corning glass is used as a substrate due to its ability to withstand high temperature
processing. The glass is cleaned before depositing SnO2: F. Cleaning is carried out by
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rinsing in DI water and mechanical scrubbing using a brush to dislodge any particulates
on the glass surface. To remove any surface contamination due to chemically adsorbed
particles, the substrates are dipped in a 10% HF solution, first for 5 seconds and then for
2 seconds with intermediate DI water rinse. After a final rinse in DI water, the substrates
are blow dried with nitrogen.

Figure 4.2 Schematic of the MOCVD Reactor for SnO2:F Deposition [55]
4.3.2 F Doped SnO2 Contact Deposition

Fluorine doped SnO2 is deposited by MOCVD (Metal Organic Chemical Vapor
Deposition) as the n-type contact to CdSe. Tetra Methyl Tin (TMT) is used as a source
for Sn. A bi-layer, undoped and doped SnO2 is deposited to prevent diffusion of Fluorine
atoms. Helium is used as the carrier gas and Difluoroethylene is used as a source for the
Fluorine dopant. Only oxygen and TMT are reacted during the undoped layer deposition,
while TMT, Oxygen and Difluoroethylene are reacted during the doped layer deposition.
Schematic of the MOCVD reactor is shown in Figure 5.2. The reactor is a cold wall
APCVD reactor. Deposition takes place by diffusion of reactants to the surface of the
substrate. Four substrates can be processed at once. The substrate temperature is
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maintained at 475oC using water cooled RF coils around the reactor tube. The Graphite
sample holder is placed at a 5 degree elevation angle to improve the overall uniformity of
the deposition process.
4.3.3 CdSe Absorber Layer Deposition

CdSe has a bandgap of 1.7eV and serves as an absorber layer for the top cell. It is
deposited by Close Spaced Sublimation (CSS) in He ambient. The source and the
substrate are placed at 4 mm separation. Halogen lamps are used to heat the source and
the substrate to 670oC and 560oC respectively. 1.5 µm films are grown for a deposition
time of 14 minutes. Increasing the substrate temperature was found to reduce the sticking
coefficient of the Cd and Se atoms, resulting in a thinner film. A Schematic of the CSS
tube is shown in Figure 5.3. The chamber is pumped down to a base pressure of 0.90 Torr
and backfilled with He to a pressure of 3.9 Torr. The sources are then heated to their
respective set point values. CdSe deposition is then allowed to proceed for 14 minutes.
CdSe films deposited by the above process are found to have a wurtzite structure. Films
deposited by this process were found to be pin hole free and of a high electronic quality.
4.3.4 ZnSe / ZnTe / ZnSexTe1-x Window Layer Deposition

The window layer is deposited by evaporation. Evaporation with both compound (binary)
and elemental sources is investigated. The chamber is loaded with a clean glass substrate
or SnO2 : F/CdSe coated substrate. The chamber is pumped down to high vacuum, ~ 10-6
Torr pressure. The sources are heated in radak furnaces to achieve the required deposition
rates. For undoped ZnSe films deposited on SnO2 : F/CdSe substrate, 180Å of ZnSe with
42Å Se was found to produce devices with higher Voc’s and Jsc’s. The deposition was
done at room temperature.
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Figure 4.3 Schematic of the CSS Chamber for CdSe Deposition [27]
A schematic diagram of the evaporation chamber is shown in Figure 5.4 [61]. The
chamber has 4 radak furnaces with a capability to heat up 3 sources at the same time. The
temperature of the sources and the substrate was semi-automatically controlled. For
window layer depositions and doping analysis using compound sources, the furnaces
were loaded with ZnSe, ZnTe and Se respectively. For deposition using elemental
sources, the furnaces were replaced with Zn, Te and Se respectively.
4.3.5 Cu Front Contact Deposition

Cu was deposited by evaporating elemental Cu at room temperature. Tungsten boats were
loaded with Cu pellets and heated to deposit Cu in a vacuum chamber. To minimize .
reflection losses, the Cu thickness was maintained at 30Å. A mask was used to define
0.1cm2 area Cu dots. The deposition chamber used to evaporate Cu is shown in Figure
5.5 [27]. After Cu deposition, the samples were allowed to sit in air for 12 hours before
measurements. Device after 12 hour exposure to air showed significantly better response.
This could be due to Cu diffusion into ZnSe and doping it [61], resulting in higher Voc’s.
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Figure 4.4 Schematic of Window Layer Evaporation Chamber [61]
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Figure 4.5 Cu Front Contact Evaporation Chamber [27]
4.3.6 Cu2-xSe Window Layer Deposition

Copper Selenide is a conductive material with a hole concentration of 1020 cm-3. Cu2-xSe
was deposited in the same way as Copper, in the same vacuum chamber shown in Figure
4.5.
4.4 Device Characterization

Solar cells fabricated by the above methods were characterized using I-V and Spectral
response measurements. Data from these measurements was used to improve device
response by changing process parameters.
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4.4.1 I-V Measurements

Current-voltage (I-V) measurements were carried out using a Keithley 2410 sourcemeter.
The Keithley 2410 sourcemeter was interfaced to a computer and measurement was
performed using a Labview program. Four probe measurements were carried using this
setup. Two probes were placed on the front contact and two probes were placed on the
back contact. This set up is similar to a four-point probe resistivity measurement system
and eliminates contact resistance between the probe and the front/back contacts. Voltage
is swept from -0.2V to 0.5V in light and dark conditions. The Labview program
automatically calculates and generates precise values for Voc, Jsc, and FF.
4.4.2 Spectral Response (Q.E.) Measurements

External Quantum Efficiency (Q.E.) measurement was done using an Oriel cornerstone
260 monochrometer. Q.E is defined as the number of electron-hole pairs collected for
each incident photon. The measurement was calibrated using a Silicon reference cell for
400-900nm wavelengths and Germanium reference for 900-1400nm range (for CIGS
solar cells). The output current at each wavelength is measured using an ammeter and
was normalized to the current from the Silicon reference cell for CdSe cells and Silicon
and Germanium for CIGS solar cells. The normalized current is multiplied with the Q.E
of the reference cell to obtain Q.E of the sample. Current Density Jsc is calculated by
integrating the area under the Q.E curve.
4.5 Doping Studies of the Window Layer

Doping of ZnTe, ZnSe and ZnSexTe1-x was investigated by exciting Nitrogen, using
Veeco Instrument’s Mark I Ion Source Controller. Nitrogen gas was diluted with Ar to
reduce the concentration of Nitrogen incorporated in the films. At Ar: N2 ratio of 4:1,
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nitrogen content was below the detection levels of the EDS system. Deposition was
carried out on 7059 glass substrates at 300oC. Some samples were annealed at 500oC to
notice changes in grain sizes.
4.5.1 Operation Principle of the Ion Source

The ion source has a cathode supply that heats the filament to provide a source of
electrons and an anode supply which provides accelerating voltage to drive the electrons
towards the anode. The electrons are accelerated towards the anode and strike the neutral
atoms generating ions. The discharge plasma consists of a gaseous mixture of ions and
electrons. The interaction of electrons with the plasma and the magnetic field creates an
electric field that accelerated the ions. The magnitude of the electric field depends on the
energy of the ions and the electron temperature.
The anode voltage and anode current can be varied from 50-150V and 0.10-1.25A
respectively. The gas flow rate depends on the anode power and neutralization current
settings.
4.5.2 Doping Concentration Measurements

Stoichiometry analysis on the films was done using a Hitachi S800 T EDAX system.
Structural issues of the films were addressed using a Philips Pro 3400 XRD. Doping
concentration measurements were initially carried using 4-point probe and Hall
measurement systems. However, the sensitivity of these systems is very low, and the
doping needs to be at least 1015 cm-3. Under low doping conditions, CV and IV
measurements were used under dark conditions to find the concentration of activated
Nitrogen in the films. CV measurements resulted in spurious doping concentration
readings. Hence an IV set up with small variations was used for the measurements.
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Cu

Doped Window Layer:N
Glass

Figure 4.6 Schematic of Structure to Determine Doping Concentration
4.5.2.1 I-V Measurements

The sample structure for doping concentration measurements is shown in Figure 5.6.
Doped window layer was deposited on clean 7059 glass in presence of excited Nitrogen
at 300oC substrate temperature. 500Å thick Cu dots, 0.1cm2 in area were deposited by
evaporation using a mask. Each sample had 8 dots, arranged in a 4X2 matrix as shown in
Figure 4.8.
I-V measurements were used to find the doping density and the ohmic behavior of the
contacts. The 4 probe I-V measurement discussed earlier was modified as a 2-probe
measurement setup to measure current between every two Cu dots. Two probes were
placed, each on a Cu dot. A bias of -18V was applied using the Keithley sourcemeter and
current was measured using an ammeter connected in series. The circuit diagram of the
measurement setup is shown in Figure 4.7. Current values at every bias point from -18V
to +18V was noted to plot the IV curves. For testing the behavior of contacts, 4 probes
were used. One of the two columns was chosen. Two probes were placed on the outer
dots, across which a bias was applied. Two more probes were placed on the inner dots.
The voltage drop across the inner dots and current through the outer probes was
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observed, simulating a 4-point probe measurement. Also, currents between Dots 1-2, 1-3,
and 1-4 were measured to rule out the presence of a current limiting contact. Results
based on the above measurements will be presented in the next chapter.

Glass/ZnSe/Cu
A

V

Figure 4.7 Two probe I-V Measurement System to Determine the Doping Concentration
Glass
Doped Window Layer

Cu

Figure 4.8 Top View of the Structure Used for I-V Measurements
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CHAPTER V
RESULTS AND DISCUSSION

5.1 Introduction

To achieve the targeted efficiency of 25%, the bottom and top cells of the tandem
structure should have a proper bandgap match. Ideal bandgaps for optimum efficiency in
a tandem structure are 1.7eV for the top cell and 1eV for the bottom cell. CuInxGa1-xSe2
(CIGS) solar cells have a well established fabrication process with established efficiency
of 15% [22] and are an obvious choice for the bottom cell. While compound
semiconductors with a bandgap of 1.7eV are many, identifying the right candidate for the
top cell is very important for the 25% tandem technology.

α-Si with a bandgap of 1.7eV is a viable material. However devices fabricated using this
material have been plagued with long term stability problems and a breakthrough to
attain efficiencies of 16-18% still needs to be made [24]. Though CGS has a bandgap of
1.7eV, these devices could not cross the 10% efficiency mark [44]. This is because the

Voc‘s could not be improved beyond the 800mV mark, though Jsc‘s could be improved.
CuInS2 with Eg of 1.55eV is also a viable candidate though its bandgap is a little lower
than the 1.7eV requirement. These devices also need to advance beyond 10% efficiency
for single junction devices. [34].
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More research needs to be done in understanding the complex defect structure of these
materials and different approaches other than those used for CIGS processing need to be
used to make these films viable candidates for the top cell. Also the complexities of these
materials may prove cumbersome in the manufacturing line [59].

Figure 5.1 Bandgap and Lattice Constants of Binary Semiconductor Materials [65]
II-VI compounds also satisfy the bandgap requirements, while providing more
manufacturing flexibility. This is because the 1.7eV requirement can be satisfied using
binary and ternary II-VI compounds unlike the I-III-VI2 compounds, that need quaternary
or penternary compounds. CdSe and ternary Cd1-xZnxTe can satisfy the bandgap
requirements of the top cell. CZT devices have been investigated, however initial work
towards achieving high Voc‘s and Jsc‘s has not been very encouraging [26].
Bandgaps of binary semiconductor compounds are shown in Figure 5.1. As can be seen
CdSe has the required direct bandgap of 1.7eV and is a viable material for the absorber
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layer of the top cell. Initial experiments were focused towards growing good quality
absorber layer. CdSe films were deposited on SnO2: F/Glass substrates using CSS as
described in Chapter IV [30]. Initial experiments using Metal Semiconductor Schottky
structures with CdSe were very promising [61] and very good electronic quality CdSe
films could be deposited with the required bandgap and thickness, that would suit the
tandem solar cell applications. With a proper absorber for the top cell identified, it is now
important to identify a viable window layer. The device structure of the 4-terminal
tandem cell is given in Figure 5.2.

Glass
Top Window Layer
CdSe

R1
R2

Transparent Conductor
Encapsulant

R3

Top Window Layer
CIGS
Molybdenum
Glass

Figure 5.2 Schematic of 4-Terminal Tandem Structure
The top device of the tandem structure needs to have transparent contacts to transmit the
lower energy photons. The band diagram of a CdSe/Window Layer (High bandgap) is
shown in Figure 5.3. The absorber is completely depleted and the location of the contacts
with respect to the light is mainly determined by the minority carrier properties of the
absorber layer. When completely depleted, the absorber layer under illumination has
equal numbers of electron and hole generation. Depending on the mobilities and effective
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masses of holes and electrons in the absorber, the contact to collect carriers with poorer
properties can be used as the front contact. This way most of the carriers with low
mobility can be collected at the surface before they recombine, while the carrier with
better mobility can be collected at the back contact. This flexibility is only possible if
both the front and back contacts have sufficiently high bandgap and transmit most of the
light with minimum loses due to absorption.

Figure 5.3 Band Diagram of CdSe Solar Cell
SnO2 : F is used as the n-type contact to CdSe. It has a bandgap of 3.3eV and is
transparent to most UV photons. It is deposited by MOCVD and has a sheet resistance of
9-12 Ω-cm.
Since the 1.5µm CdSe film shown in Figure 5.3 is completely depleted, the built–in
voltage of the top cell to first order is determined by the contact energies of the front and
back transparent contact structures. The built-in voltage of a p-n junction is mainly
determined by the difference in fermi levels of the p and n layers. In this case, the fermi

60

level of the absorber is at the middle of the bandgap and a potential difference is created
across the junction (absorber) due to the differences in fermi level alignment at the front
and the back contacts. Assuming the fermi level of the SnO2 : F contact is perfectly
aligned to the conduction band of the CdSe, maximum Voc is achieved if the transparent
contact/window layer to CdSe has its fermi level aligned to the valance band of the CdSe.
This requires a window layer/transparent contact, with a large electron affinity (work
function) and very high hole concentration. Various II-VI large bandgap materials have
been investigated as viable window layers for the CdSe solar cell in this work.
Figure 5.4 shows the bandgaps and doping preferences of II-VI materials with respect to
the vacuum level [29]. As can be seen from the figure, not all materials can be doped ptype. The preference for a particular type of doping is due to differences in the energy of
formation of compensating species with impurity concentration. As the impurity
concentration increases, the energy of formation of the compensating species decreases.
This limits the fermi level from moving, limiting the achievable doping concentrations.
This phenomenon is called fermi level pinning. Esi,p and Esi,n in Figure 5.4 are the pinning
energy levels for p-type and n-type doping respectively. Once the fermi level reaches this
energy, increase in the impurity concentration results in increasing the number of
compensating species. The energy of formation is related to the vacuum level and the
pinning energy is therefore determined by the electron affinity of the material. Though
compounds with higher bandgaps show lower propensity for doping, the achievable
doping concentration and the doping preference is mainly determined by the location of
the conduction band with respect to the vacuum level. Irrespective of the bandgap,
compounds with higher electron affinity are difficult to dope p-type while materials with
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lower electron affinity are difficult to dope n-type. From Figure 5.4, MgTe, and ZnTe are
both high bandgap p-type dopable materials and viable choices for the window layer of
the CdSe solar cell. ZnSe though difficult to dope p-type also has a large bandgap with
theoretically achievable doping concentration less than 1017 cm-3, (from Figure 5.4) after
which the fermi level pins. ZnTe and ZnSe were extensively studied and due to our prior
knowledge of the electronic properties and behavior of these materials, we chose to
investigate them first.

Figure 5.4 Doping Preferences of II-VI Compounds [31]
ZnSe has a large bandgap of 2.67eV and is transparent to the higher energy photons,
though achieving doping levels beyond the 1018 cm-3 levels is difficult [29,37]. At this
doping, a metal like Au, with sufficiently high work function to lower the contact energy
at ZnSe/metal interface. However if a window layer with sufficiently high bandgap can
be degenerately doped, Cu or Au can be used to form a tunnel contact. The physics of a
tunnel contact was described in Chapter II, section 2.4.3. Heavily doped window layer
would result in shrinking the depletion region at the metal/window layer interface and
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appear transparent to the carriers. The valance band discontinuity between CdSe and
ZnSe is smaller than ZnTe and CdSe, resulting in a smaller barrier for hole flow. Also
ZnSe is more transparent to the higher energy photons and hence is our preferred choice
for the window layer.
ZnTe though lower in bandgap, has more preference for p-type doping. Theoretical and
experimental results from doping studies of ZnTe suggest degenerate dopability of ZnTe
with Nitrogen [29, 36]. Although finding a conductive p-type contact is important, ability
to transmit high energy photons is also vital for high efficiency tandem structures. There
is a tradeoff between the maximum achievable doping concentration and transmission
efficiency of the window layer. Though literature suggests both ZnSe and ZnTe to be
viable candidates, their applicability for tandem solar cells has to be thoroughly
investigated.
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Figure 5.5 Transmission Responses of ZnSe Films
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5.2 ZnSe Window Layers

ZnSe has a bandgap of 2.67eV and is transparent to photons above 550nm. The
transmission response of ZnSe is given in Figure 5.5. ZnSe films were deposited with
extra Se flux to have better control over ZnSe’s compositional variations. Zn rich films
are more n-type and we expect the extra Se flux would result in stoichiometric films,
especially during the doping experiments. Se vacancies form donor like complexes with
Nitrogen and therefore reducing them is very important to achieve higher dopability [33].
ZnSe window layers were deposited on CdSe with ZnSe/Se flux ratio of 4:1. Introducing
Se flux did not reduce the transmission response of ZnSe films as seen in Figure 5.5. A
schematic of the device structure is shown in Figure 5.6. The device fabrication and
performance optimization was investigated in detail by P. Mahawela, and a Jsc‘s of
17.5mA/cm2 and a Voc of 350mV were reported in his dissertation [61]. The Jsc‘s were
very close to the theoretically possible 18.4mA/cm2. For devices with highest current
densities, the SnO2 : F/Glass substrates were supplied by NREL [61]. This SnO2 layer
should have provided a very good foundation for CdSe film growth resulting in a very
good interface. Devices with SnO2 deposited by MOCVD in our lab typically yielded

Jsc’s of 10.0mA/cm2 and Voc’s of 300-350mV. Results from a typical device are shown in
Figures 5.7 and 5.8. These results also suggest more studies towards investigation of the
SnO2/CdSe interface properties are required to identify the factors limiting the
performance of the CdSe solar cell.
Since CdSe layer is completely depleted, the maximum possible output voltage is the
bandgap of the CdSe, assuming ohmic front and back contacts. Actual output voltages
from the devices however did not exceed 360mV due to the low workfunction of the Cu
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Figure 5.6 Schematic of CdSe/ZnSe Solar Cell
contacts. To realize a high efficiency large bandgap top cell, Cu needs to be replaced by
a contact with sufficiently high work function, at least 5.3eV, assuming ZnSe to be
intrinsic.
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Figure 5.7 I-V Characteristics of a CdSe/ZnSe Solar Cell
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Au has a higher function of 5.0eV, compared to Cu (4.7eV). CdSe/ZnSe solar cells with
Au contacts resulted in higher Voc’s than those with Cu contacts, however the Jsc’s were
very low (less than 1 mA/cm2) [61]. Smaller Au atoms diffused through the grain
boundaries of ZnSe and settled in CdSe films as mid gap recombination centers, resulting
in lowers Jsc’s

Figure 5.8 Q.E. Response of a CdSe/ZnSe Solar Cell
5.3 ZnTe Window Layers

ZnTe has a bandgap of 2.2eV and is easily p-type dopable. Experiments with ZnTe as a
window layer were reported by P.Mahawela [61]. Devices with thinner ZnTe films did
not perform well. Increasing the ZnTe thickness to 2000Å resulted in the best output
parameters. The devices had Voc’s around 500mV and Jsc‘s around 4mA/cm2. Bad
junction properties at the CdSe/ZnTe interface were blamed for the lower performance of
CdSe/ZnTe devices [61]. Increasing the ZnTe thickness gradually improved the
properties of ZnTe film away from the interface. The more p-type nature of ZnTe
resulted in higher Voc’s. Bad interface properties of CdSe/ZnTe junctions compounded
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by the thick ZnTe films limited the short circuit currents. Hence other II-VI compounds
need to be studied as viable alternatives for the CdSe solar cell. Results with Cu(I)Se as
window layer will be discussed next.
5.4 Cu2-xSe Window Layers

Cu2-xSe (x =0 or 1) is a conducting transparent p-type material with a bandgap of 2.2eV.
Cu2-xSe was found to be suitable for forming a junction with n-type semiconductors due
to its high conductivity. CdS/Cu2-xSe solar cells have shown conversion efficiencies up to
4.25% with Voc =457mV, Jsc = 14.4 mA/cm2 and FF=0.64 [40]. n-Si/Cu2-xSe solar cells
have shown a conversion efficiency of 8.8% with Voc =450mV, Jsc = 22mA/cm2 [51].
Prior studies by different research groups and the high p-type conductivity of Cu2-xSe
films led us to investigate Cu2-xSe films as viable window layers for CdSe solar cells.
Due to high p-type conductivity, unlike ZnSe or ZnTe films used so far, we expected the
device performance would not be limited by the Cu/Cu2-xSe contact energy.
Cu2-xSe (x = 1) films were vacuum evaporated on 7059 glass substrates to study their
electronic properties. The deposition was done at both room temperature and at 200°C.
The films looked brown in color and showed continuity. The resistivity of 400Å films is
shown in Table 5.1 and the transmission response for 400Å films is shown in Figure 5.9.
The films had 90% transmission in the long wavelength region. However, transmission in
the UV region was very low. Hall Effect measurements of 2000Å Cu2-xSe films indicated
a hole concentration of 1020 cm-3. Solar cells with the structure shown in Figure 5.10 were
fabricated and measured for I-V and Q.E. responses. Cu2-xSe thickness was varied from
150Å to 500Å to study the device performance as a function of Cu2-xSe thickness. The
deposition on solar cells was done at room temperature. Output parameters for the
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devices are tabulated below. From the data in Tables 5.2 – 5.4, we can see that the
maximum Voc was 320mV, while average Voc’s were around 250mV. The maximum Jsc
was 10mA/cm2, while the average Jsc’s were around 4.5mA/cm2. The performance of
devices with thicker Cu2-xSe films seemed slightly better. The I-V characteristics and
Q.E. response of a typical CdSe/Cu(I)Se device are shown in Figure 5.11 and 5.12
respectively. Achieving Voc greater than 300mV was difficult. Most devices had
reasonable fill factors and reverse saturation currents in the low microampere range. It
can be observed from the tabulated data that the FF’s and Vocs initially increased with the
Cu2-xSe thickness. The currents in the thinner Cu2-xSe films could be limited by the Cu2interface properties.

Table 5.1 Resistivity of Copper Selenide Films Deposited on Glass
Thickness

Temperature

Resistivity(Ω-cm)

400 A

Room Temperature

130-135

400 A

200C

109-111

90
80

Transmission %

xSe/CdSe
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Figure 5.9 Transmission Response of 400Å Copper Selenide Films
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Figure 5.10 Schematic of CdSe/Cu2-xSe Solar Cell Structure
Table 5.2 Copper Selenide Thickness 150Å
Sample #

Voc (mV)

FF (%)

Jsc (mA/cm2)

01-16-04-04

250

35.6

5.01

01-16-04-05

230

42.4

4.19

01-16-04-06

240

37.8

5.87

01-16-04-08

180

28.8

4.33

Table 5.3 Copper Selenide Thickness 300Å
Sample #

Voc (mV)

FF (%)

Jsc (mA/cm2)

03-01-04-04

240

44

8.09

03-01-04-01

210

39

10.08

03-01-04-11

220

43.5

9.21

03-01-04-07

240

45.5

9.32
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Table 5.4 Copper Selenide Thickness 350Å
Sample #

Voc (mV)

FF (%)

Jsc (mA/cm2)

01-12-04-05

290

48.3

4.65

01-12-04-08

290

43.2

4.31

01-12-04-10

310

46.6

4.70

01-12-04-13

320

47.6

4.20

Table 5.5 Copper Selenide Thickness 500Å
Sample #

Voc (mV)

FF (%)

Jsc (mA/cm2)

01-13-04-05

250

40.6

3.12

01-13-04-04

230

45.7

3.44

01-13-04-03

210

48

3.36

01-13-04-09

230

40.6

2.27

0.0015

03-01-04-01
03-01-04-07
03-01-04-08
03-01-04-11

Current [Amperes]
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0
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Figure 5.11 I-V Characteristics of CdSe/Cu2-xSe Solar Cell
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Previous literature examples described with n-Si/Cu2-xSe solar cells resulted in a Voc of
450mV. The Voc of the device is mainly determined by the band bending at the Si/Cu2xSe

junction. Though Copper Selenide is conductive, the difference between fermi levels

at the junction is 450mV. For a n-type doping concentration of 1016 cm-3 in Si, the fermi
level of Silicon is approximately at 4.7eV from the vacuum level. For a Voc of 450mV,
the fermi level of Cu2-xSe is located at least at 5.25eV from the vacuum level. Hence the
electron affinity of Cu2-xSe is approximately 3.0eV. Since CdSe/ZnSe devices with Au
contacts yielded 500mV Voc, the energies of Cu2-xSe are not limiting the Voc’s. Hence we
suspect the performance to be limited by the properties of the CdSe/Cu(I)Se interface.
The Spectral response was low in the short wavelength regions due to absorption losses
in the Copper Selenide films. This is also evident from the transmission response of the
Cu(I)Se films shown in Figure 5.9.
5.5 Doping Studies of Window Layers

Since the highly conductive Cu2-xSe window layer did not result in better performance,
doping of high bandgap materials to reduce contact energies with the front contact was
explored. CdSe solar cells with undoped ZnSe were promising; hence doping of ZnSe
was first investigated.
5.5.1

Doping Studies of ZnSe

p-type ZnSe was traditionally used for blue-green laser application. These Lasers were
mainly fabricated on single crystalline GaAs substrates. ZnSe:N films on GaAs substrates
were deposited by MBE (Molecular Beam Epitaxy) from elemental Zn and Se sources.
The fluxes of Zn and Se were individually controlled and p-type doping was investigated
using Nitrogen and Lithium ions [47]. Nitrogen has a very shallow acceptor level in ZnSe
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at 0.015eV and can be easily ionized [48]. Lithium is also ionizable at room temperature
in ZnSe, with an exception that the small radii make Li an interstitial impurity, resulting
in donor-like defects in ZnSe. This limits the maximum obtainable doping concentration
in ZnSe using Li to 1017 cm-3 [31].
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Figure 5.12 Q.E. of CdSe/Cu2-xSe Solar Cell
Nitrogen ions, on the other hand substitute for Se vacancies. The maximum doping
concentration in ZnSe with Nitrogen was reported at low 1018 cm-3 [29,37]. The reason
for the low dopability is due to the formation of [Zn-NSe-VSe]+ donor like impurities [33].
The propensity for formation of complex donor like impurities increases as the atomic
concentration of Nitrogen in the film increases beyond a certain level, causing the fermi
level to pin. This also indicates that there are higher and lower limits to the amount of
Nitrogen that can to be added for successful doping of ZnSe. The demarcation level for
the fermi level pinning in Figure 5.4 is very close to the valance band of ZnSe, suggesting
a possibility of p-type doping in ZnSe. Unlike doping experiments performed by most
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research groups on ZnSe films deposited on single crystalline GaAs substrates, our
application requires conducting polycrystalline ZnSe films. This is a difficult task
because the grain boundaries in polycrystalline films act as potential wells that can trap
Nitrogen ions and lower the net carrier concentration. To investigate doping, ZnSe films
were deposited by vacuum evaporation from a binary ZnSe source on 7059 glass
substrates. Initially Nitrogen was excited using a tungsten filament. The substrate
temperature during deposition was 300°C. Conductivity measurements did not indicate
any signs of doping. Increasing the deposition temperature did not affect the conductivity.
The tungsten filament was a very simple experiment to Nitrogen ionization. Since it did
not result in improving the conductivity of ZnSe, a DC plasma source was then used. A
Nitrogen plasma was created by applying a sufficiently high electric field between the
anode and the substrate. Electrons to ionize Nitrogen atoms were provided by a tungsten
filament. Films deposited by ionizing pure Nitrogen had very high nitrogen content of
52%. For doping to be possible the amount of nitrogen in the films has to be 1 ppm of
1022 ZnSe atoms/cm3, which is less than 0.5% Nitrogen atoms in ZnSe films. At such low
concentrations, the EDS measurement does not have the sensitivity to detect Nitrogen. To
reduce the Nitrogen levels appropriate for doping, Nitrogen was diluted with Argon to a
ratio of 1:4 (Nitrogen: Argon). Doping experiments were conducted at different ion
source settings. Films with anode voltage greater than 70V etched ZnSe as the deposition
progressed. The ion source settings and ZnSe deposition rates were maintained at less
than 70V and 1.0Å/s to have ZnSe deposition in the presence of the ion source. The
deposition temperature was maintained at 300°C. Capacitance and Hall measurements on
the “doped” films did not indicate conductivity. The inherent difficulty in achieving p-
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type conductivity in ZnSe could have made doping formidable. Increasing the substrate
temperature to 450°C resulted in a drop in Se and Zn sticking coefficients. Annealing did
not result in any improvements.
5.5.2

Doping Studies of ZnTe

ZnTe is p-type dopable. Doping concentrations around 1020 cm-3 in ZnTe films using
Nitrogen was reported in the literature [36]. This is very close to the solubility limit of
Nitrogen in ZnTe. Though the predisposition of ZnTe for p-type doping is attractive, its
lower bandgap of 2.2eV is not as well suited as ZnSe for the tandem solar cell
applications. Since we were not succeeding with ZnSe doping, the next best alternative
was to investigate doping in ZnTe.
ZnTe films were deposited from a compound ZnTe source (~45% Zn and ~55% Te) on
7059 glass substrates. Substrate temperature was maintained at 300°C. Film composition
was addressed using EDS. Films deposited in the absence of Nitrogen plasma had
44.77% Zn and 55.23% Te. Films investigated for doping using an Argon, Nitrogen gas
mixture that was ionized using a DC plasma source had 60% Zn and 40% Te. The ion
source was operated at a setting of 60V-DC anode voltage. At this anode voltage setting,
the Nitrogen ions at the substrate possess energy of 40eV, sufficient to break the Zn and
Te bonds. To rule out the possibility of the high temperature affecting the film
composition, doping was also investigated at room temperature. Films deposited in
presence of the ion source at room temperature also had very high Zn content (~60%).
Though the composition of films deposited in the absence of the Nitrogen plasma at room
temperature yielded Zn poor films, with almost the same Zn and Te compositions as the
ZnTe source.
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Because of the difficulty in controlling the stoichiometry of ZnTe, we shifted our
attention to studying the doping of ZnSexTe1-x films. Doping studies and results with
ZnSexTe1-x window layers will be discussed next.
5.6 Doping Studies of ZnSexTe1-x Films

ZnSe and ZnTe were investigated as window layers for CdSe solar cells. Both these
materials present completely opposite sets of problems, both in terms of fabrication and
performance. While ZnSe resulted in very high Jsc‘s, the Voc’s were stuck at 360mV.
ZnTe resulted in a Voc of 500mV, but the Jsc’s were very low [61]. The top cell requires a
wide bandgap p-type conductor, and the literature suggested the possibility of achieving
very high p-type doping levels in ternary ZnSexTe1-x [35]. We expected that considering
the doping of Ternary ZnSexTe1-x would allow us the flexibility of engineering the
bandgap while also controlling the doping concentration.

Figure 5.13 Variation of Bandgap of ZnSexTe1-x with Se/Te Ratio [35]
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5.6.1

Background Studies of ZnSexTe1-x Doping

Doping of ternary ZnSexTe1-x was investigated by many research groups. A detailed
study of the electronic properties of the ZnSexTe1-x as a function of x was done by
W.Faschinger et al. [35].

Figure 5.14 Variation of Carrier Concentration with Te Content [35]
Alternate layers of ZnSe and ZnTe were grown to form short period (1.5nm to 2.5nm)
ternary ZnSexTe1-x super lattice (SL) structures. The films were deposited on single
crystalline semi-insulating GaAs substrates [35]. The layers were deposited by MBE
from Zn, Se, and Te elemental sources. The Zn/GroupVI ratio was adjusted by varying
the thickness of the periods. The bandgap of the film varied with Te content from 2.2eV
to 2.67eV as shown in Figure 5.13 [35]. Since doping in ZnSe is limited by fermi level
pinning, adding Te shifted the valance band of ZnSe closer to the pinning fermi energy
level. The conduction band also shifts, but for low Te content, the shift in valance band is
higher, so the electron affinity is not very different from that of ZnSe’s. As the Te content
is gradually increased to the 40% mark, the valance band of ZnSe is above the pinning
fermi level and the doping is no longer limited by the compensating defect formation.
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Figure 5.14 suggests that at 30% Te concentration, ZnSe can be doped to a hole
(Nitrogen) concentration of 1020 cm-3. ZnTe and ZnSe films in the above work by W.
Faschinger were doped to concentrations of 1020 cm-3 and 1017 cm-3 respectively, using
RF ionized Nitrogen. Carrier concentrations as a function of Te content are shown in
Figure 5.14 [35]. W. Faschinger also investigated the effects of doping ZnSexTe1-x films
using DC and RF plasmas and found that the nature of defects formed using DC and RF
excitation sources are different. He also found that films doped using RF excited
Nitrogen had higher doping concentration than those doped using a DC plasma source.
However, his work did suggest the possibility of achieving significant doping levels with
DC excitation. More research groups investigated doping of ternary ZnSexTe1-x films
with different SL structures. Abstracts of the works are given below:
1. H.D. Jung et al. investigated the effect of eliminating hetero interfaces and
quantum wells between the ZnTe and ZnSe layers by gradually increasing the Te
content in the films. The band diagram of the SL structure is shown in Figure 5.15
[45]. Maximum doping concentration obtained for this structure was 1020 cm-3.
2. In another paper, Taike et al. investigated the effects of reducing Nitrogen
concentration in the SL layers of the ZnSexTe1-x films. Three types of SLs were
fabricated to study the effect of Nitrogen concentration. The sample structure had
40nm p-ZnTe/10nm graded SL/1µm p-ZnTe. Au dots were evaporated on the
films. Doping concentration in ZnSe and ZnTe layers were 2x1017 cm-3 and
3x1018 cm-3 respectively. The resistance of the contact structure (p-ZnTe/10nm
graded SL) to p-ZnSe was measured from IV characteristics shown in Figure 5.16
[37].
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Figure 5.15 Band Diagram on ZnSexTe1-x SL with Gradually Increasing Te Content [45]

.

Figure 5.16 I-V Characteristics of SL Films for Different Nitrogen Doping Methods [37]
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1. In the first case undoped ZnSe and ZnTe SLs were deposited. The I-V curve in
the Figure 5.16 indicates the presence of a schottky contact between ZnSe and the
ZnSexTe1-x contact structure. The barrier was caused by the valance band of the
undoped SL contact structure. The carrier concentration of the p-ZnSe film in this
case was 1x1017 cm-3.
2. In the second case all ZnSe layers in the SL structure were doped while the ZnTe
layers were left undoped. The I-V curve for this case shows near ohmic contact
between ZnSe and the ZnSexTe1-x contact structure. The carrier concentration of
ZnSe measured using CV measurements was 2x1017 cm-3.
3. In the last case, all SL (ZnSe and ZnTe) layers were doped with Nitrogen. The
concentration of holes in the bulk ZnSe film from C-V measurements was < 1015
cm-3. Nitrogen, at least 1017 cm-3 from the contact structure diffused into the bulk
ZnSe film. The hole concentration reduced from the initial concentration of 1017
cm-3, due to the formation of compensating donor-like defects in the bulk ZnSe
film. The I-V characteristic in Figure 5.16 show negligible current flow through
the ZnSe/ZnSexTe1-x contact structure. This could be due to the high contact
energy between the resistive bulk ZnSe and the contact structure.
5.7 ZnSexTe1-x Films

We started our doping studies by initially investigating undoped ZnSexTe1-x films. We
used compound ZnSe and ZnTe sources for all previous experiments. Our main aim is to
achieve sufficiently high doping levels while keeping the fabrication process simple. We
had sufficient understanding of the electronic properties of films deposited by
evaporation from binary ZnSe and ZnTe sources. Hence we decided to use binary
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sources, rather than start afresh with elemental Zn, Se, and Te sources, as suggested by
most of the literature. Compound ZnSe and ZnTe sources were evaporated from effusion
cells in a vacuum chamber pumped to a base pressure of 1µTorr. The deposition was
done at 300°C substrate temperature. The deposition rates were adjusted to obtain a Se to
Te ratio of 1. XRD of the films was compared against individual ZnSe and ZnTe films.
We investigated the properties of both co-evaporated and layered films. Co-evaporated
films, as the name suggests were deposited by heating the ZnSe and ZnTe sources at the
same time. Layered films were fabricated by heating the sources to the set temperature
and depositing alternating ZnSe and ZnTe films. This was done by controlling the
position of the shutters on the effusion cells. While co-evaporation provides the
advantage of reduced fabrication hassles, we wanted to investigate layered films also. We
thought this would give us more flexibility in controlling the doping and deposition
parameters of each layer independently.
XRD of co-evaporated and layered films with respect to ZnTe films is shown in Figure
5.17. From peak list data below Figure 5.17, ZnTe and ZnSe have a Zinc Blend structure
with [111] peaks at 25.428 degrees and 27.165 degrees respectively. XRD for ZnTe films
was only done for comparison. The data for ZnSe here is from the library file. The coevaporated (Green Curve in Figure 5.17) and the SL ZnSexTe1-x films (Blue Curve in
Figure 5.17) had the [111] peaks midway between ZnTe and ZnSe at 26.6777 and
26.3857, indicating the presence of a ZnSe0.5Te0.5 structure. The transmission response of
the films in Figure 5.18 has an average transmission of 80% in the long wavelengths. The
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Figure 5.17 XRD of Co-Evaporated and SL ZnSexTe1-x Compared Against ZnTe Films
films were annealed at 500°C in vacuum to study the effects of heat treatments on the
film’s structural properties. The XRD of the annealed films in Figures 5.19 and 5.20
show improved grain structure. The FWHM of the annealed films reduced from 0.333 to
0.28, showing increased grain size from annealing. All ternary films had [111]
orientation, indicating a Zinc Blend structure. Films annealed in the presence of air had
various phases of Zn, Se, Te, and O compounds. Deposition temperature of 300°C
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reflects the temperature used by the other research groups in realizing doped ZnSexTe1-x
films. We could successfully control the composition of Zn, Se, and Te atoms in both coevaporated and layered films.
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Figure 5.18 Transmission Response of ZnSexTe1-x Films
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Figure 5.19 XRD of SL ZnSe0.5Te0.5 Annealed at 500°C
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Figure 5.20 XRD of Co-Evaporated ZnSe0.5Te0.5 Films Annealed at 500°C
5.7.1

Doping Studies of ZnSexTe1-x Films

We could successfully grow ZnSexTe1-x films at 300°C. Since co-evaporation is more
manufacturing friendly, we chose to first investigate its doping. A DC ion source was
used to ionize Nitrogen. The ion source has a cathode that acts as a source of electrons.
The MFC attached to the Nitrogen line controls the gas flow. Anode Voltage was
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adjusted to control the electric field to accelerate the ions towards the substrate. The
cathode emission current and the anode current denote the number of electrons available
for ionizing Nitrogen atoms and the number of Nitrogen atoms ionized, respectively. The
cathode emission current needs to be at least twice the anode current to sustain the
plasma. The difference between the anode and the cathode currents is the neutralization
current. The gas flow into the chamber is a function of all the above parameters. The
energy of the ions at the surface of the sample is 2/3rds of the anode voltage [64]. The
anode voltage, cathode current, and the gas flow, all depend on the type of gas used.
Reactive gases like Nitrogen and Oxygen require higher cathode emission currents to
sustain the plasma than inert gases like Argon [64]. In our case Nitrogen was diluted with
Argon to reduce the Nitrogen content in the film. The anode voltage was maintained at a
lowest possible setting of 53V for most doping experiments. At higher anode voltages,
the high energy ions etched the film. The anode voltage had to be kept lower than 70V.

Figure 5.21 Compositional Dependence of ZnSexTe1-x on ZnTe/Se Flux Ratio
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Table 5.6 Standard Ion Source Settings
Gas Flow

4.5 SCCM

Cathode Emission

0.21 A-DC

Cathode Current

10.0 A-RMS

Anode Current

0.12 A-DC

Anode Voltage

51.9 V-DC

Neutralization Current

-0.089 A-DC

5.7.2 Doping of Co-Evaporated ZnTe and Se Films

To keep the process simple, we first started by evaporating from two sources, ZnTe and
Se. No undoped studies were done on films deposited by co-evaporation from ZnTe and
Se sources. The gas mixture contained an Ar: N2 ratio of 4:1. At this ratio the Nitrogen
levels in the film were undetectable. The compositional dependence of Zn, Se, and Te as
a function of ZnTe/Se flux ratio is shown in Figure 5.21. From the Figure it is apparent
that the ZnSexTe1-x ternary is well behaved. Te can be readily exchanged with Se by
adjusting the flux ratio. Also, as the films are made Te rich, there is an overall loss of
group VI elements resulting in Zn rich films. This is a disadvantage because of the initial
compositional target of x = 0.5, which represents a good compromise between valance
band energy and dopability. The target of x = 0.5 is hit at a flux ratio of 4:1. However, the
films are Zn rich and exhibit no conductivity. From Figure 5.17, the compositional target
of 50% Zn is reached at a flux of 1.25, but the Te level is too low for effective doping.
The compositional dependence on Se flux rate at a constant ZnTe/Se flux of 4/1 is show
in Figure 5.21.
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Figure 5.22 ZnSexTe1-x Film Composition as a Function of Se Flux for a ZnTe/Se Flux
Ratio of 4/1 (Ion Source ON)
It can be seen from Figure 5.22 that tuning of Se to Te ratio at the target range of x = 0.5
is possible. However, the films remain Zn rich and the Zn% does not change with
changing Se to Te ratios.
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Figure 5.23 ZnSexTe1-x Film Composition as a Function of ZnTe Thickness for
2000 Å ZnSe Thickness (Ion Source OFF)
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5.7.3

Doping of Co-Evaporated Films from ZnTe, ZnSe and Se Sources

Because the two source approach did not yield films with acceptable properties, ZnSe
was added as the third source. EDS results on deposition of the binary compounds
indicated no noticeable loss in group VI elements. The ZnSe thickness and flux level
were maintained at 2000Å and 2Å/s respectively, while varying the flux and thicknesses
of ZnTe and Se. For the initial runs the Nitrogen source was left off. This experiment
would give us a better idea of the effect of the Nitrogen ions on the composition of the
films. The composition of ZnSexTe1-x films as a function of ZnTe thickness is shown in
Figure 5.23. The total group VI incorporation does not depend on the thickness of the
ZnTe films. However the stoichiometry of the film varies with ZnTe thickness. This is
because the Se and Te atoms compete with each other, varying the film’s stoichiometry.
Te has lower sticking coefficient than Se and as ZnTe thickness increases, the number of
Te atoms lost also increases, resulting in Zn rich films. As can be seen stoichiometric
films with near Zn/GroupV1 ratio of 1 are obtained only at ZnTe thickness of 2000Å.
The two data points are for Se thickness of 220Å and 500Å.
When the Nitrogen source was turned on, the film’s composition was affected. ZnTe
thickness has a significant effect on the film’s stoichiometry, especially the Te
composition. Higher ZnTe thickness resulted in films with aomewhat higher Zn content
for Se and ZnSe thicknesses of 1000Å and 2000Å respectively. This can be seen from
Figure 5.24. Irrespective of the Se thickness, turning the Nitrogen source on could not
yield films with targeted composition. We could however maintain the Te content at 10%
while keeping the Zn content close to, but nevertheless above, 50%.
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Figure 5.24 Effect of Nitrogen Plasma on the Composition of ZnSexTe1-x Films; Se
Thickness: 1000Å and ZnSe Thickness of 2000Å
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Figure 5.25 Compositional Variation of ZnSexTe1-x Films with ZnTe Thickness for a
Constant Se Thickness of 1100Å and ZnSe Thickness of 2000Å
In the next set of experiments, ZnSe and Se thicknesses were maintained at 2000Å and
1100Å respectively and ZnTe thickness were varied to investigate the effect of
compositional variation on the conductivity of the ZnSexTe1-x films. Figure 5.25 shows
the compositional variation of ZnSexTe1-x films with the ZnTe thickness for a constant Se
thickness of 1100Å. Zn content in the films remained close to 50% when the ZnTe
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thickness was varied from 1200Å to 1700Å. All these films were measured for
conductivity using the setup described in Chapter II, and the conductivity was calculated
using ohms law.
500Å Cu dots, 0.1 cm2 in area were evaporated on the ZnSexTe1-x films with Zn/Group VI
ratio close to 1. Cu forms a good ohmic contact only when the ZnSexTe1-x films are
properly doped. No significant conductivity was observed from four point probe
measurements. Hence, we were concerned about the Cu contacts disguising the actual
doping concentrations during the IV measurements. To verify the presence of current
limiting contacts, we measured the current between every copper contact on the sample
surface at an applied bias of 18V. Results from the film with highest conductivity are
shown in Figure 5.26.
A

B
116.4 nA

90.4nA
39.7 nA

X
22.2 nA

52 nA

51 nA

X
24.5 nA

Figure 5.26 Conductivity Measurements of Co-Evaporated ZnSexTe1-x Film (ZnSe:
2000Å, ZnTe: 1500Å, Se: 1100Å; Zn: 49.8%, Se: 40. 88 Te: 9.32%)
It can be seen from the figure that the conductivity reduces as the distance between the
Cu dots decreases. To first order this is optimistic because it indicates that the Cu
contacts are not limiting the current. However to verify this conclusion, we fabricated
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devices with 4 dots and measured the voltage drop between the two center dots while
applying a potential difference of 20V across the two outer dots. The voltage drop across
the two center dots was around 15mV, indicating the presence of a resistive film with
current limiting contacts. The estimated conductivity from the I-V measurements was
2.0*10-8 Ω-cm. Since the hypothesis from the potential drop measurements and the
current measurements were opposing, no definite conclusion can be reached. If the
variation of conductivity across the sample surface is not because Cu is forming a nearohmic contact, then these results indicate the sensitivity of doping to very subtle changes
in the Zn, Se, and Te compositions across the sample. However, in most cases the
compositional gradients across the sample were negligible. There was a +1-2% difference
in Zn, Se and Te compositions across the film. However this could be also due to the
inevitable measurement error of the measurement tool. The Nitrogen flux plays the
biggest role in controlling the film’s atomic composition and hence the window of
permissible compositional variation to achieve high doping concentrations is very
narrow.

Table 5.7 Compositional Variation and Conductivity of ZnSexTe1-x Films
ZnSe
Thickness
2000
2000
2000
2000
2000

ZnTe
Thickness
1600
1600
1700
1700
1700

Se
Thickness
1100
1000
530
500
500

Zn%
48.92
49.75
49.31
51.63
51.81

Se%
47.02
48.06
44.3
39.35
37.3

Te%
4.06
2.19
6.39
9.02
10.88

Current at
18V
10.0nA
1.5nA
6.5nA
4nA
4nA

Figure 5.26 represents the film with highest conductivity, though modest, obtained with a
ZnSe, ZnTe, and Se thicknesses of 2000Å, 1500Å, and 1100Å respectively. However this
result was not repeatable. The stability of the ion source and controllability of the Se
evaporation rate during the deposition result in a non repeatability of the results. Though
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the Se flux can be controlled to a certain level, the Nitrogen plasma source sometimes is
unstable. The film properties are very sensitive to these variations and there seems to be a
very narrow range over which the film can be doped. Most films with Zn composition
close to the 50% mark showed conductivity, though lower than the sample in Figure 5.25.
In spite of the uncontrollability of the process parameters, all the films with Zn
composition close to 50% were mildly conducting and the process was repeatable. This is
represented in the data shown in Table 5.7. For a constant ZnTe, ZnSe, Se thicknesses the
compositional variation from sample to sample is very low and the conductivity of the
samples though low, is still repeatable. The currents in a typical co-evaporated mildly
conducting sample are shown in Figure 5.27. The results shown in Figure 5.26 are typical
of most of the samples. It can be seen from the Figure that the current between the
contacts does not decrease with increasing distance. This further ratifies our belief that
the actual doping concentration in the films is camouflaged by the current limiting Cu
contacts. This would not have been the case if the doping was very high. The
conductivity of some ZnSexTe1-x films, calculated from the observed current densities, is
shown in Table 5.7.To calculate conductivity, the center-to-centre distance between Cu
dots was assumed to be 1 cm. The conductivity (σ) was calculated using the formula J =
σ(V/d); Where, V is the applied bias (18V), and d is the distance between the Cu dots.
As can be seen the films are mildly conducting, although this represents significant
progress over previous efforts which did not result in measurable conductivity.
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Initially, the Zn level was kept below 50% and that resulted in the films with measurable
conductivity. As we let the Zn level rise up to but below about 52%, however, there was
still measurable conductivity although, as can be seen, the highest conductivities are for
Zn levels below 50%.
A

B

6.8 nA

X
1.9 nA

2.6 nA

2.7 nA

2.0 nA

Figure 5.27 Conductivity Measurements of Co-Evaporated ZnSexTe1-x Film (Typical
Sample)
Though this represents significant progress, considerably higher values of conductivity
are needed. However, once proper stoichiometry is attained, the film composition as
measured by EDS is no longer sensitive enough to correlate with conductivity

Table 5.8 Conductivity of Co-Evaporated ZnSexTe1-x Films
Composition(%)
Zn
49.59
48.92
49.75
49.31
51.63
51.81
51.87

Te
9.28
4.06
2.19
6.39
9.02
10.88
6.03
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Conductivity
(Ω-cm)-1
2.00E-08
1.18E-09
1.65E-10
7.65E-10
4.71E-10
5.88E-10
7.06E-10

5.7.3.1 Effects of Variation of the Energetic Properties of Nitrogen

The energetic properties of the Nitrogen were varied by changing the Anode Voltage and
the Anode Current. Anode Voltage controls the energy of the ions striking the sample
surface, while the Anode Current controls the flux of the ions. Since the controller was
previously operated at the lowest possible setting of 53V and 0.12A, experiments with
higher flux and energy were investigated. In one experiment the anode current was
doubled while maintaining the anode voltage at 53V. In another experiment, the anode
current was left at 0.12A while the anode voltage was increased to 70V. Both these
experiments resulted in subtle compositional variations as shown in Tables 5.9, 5.10, and
5.11. The ZnSe, ZnTe, and Se fluxes were maintained at 2000Å, 1700Å, and 500Å
respectively. Increasing the flux and energy did not affect significantly the composition
or the conductivity of the films.

Table 5.9 Ion Source Settings with Higher Anode Current
Zn: 51.63%

Gas Flow

8.2 SCCM

Se: 39.35%

Cathode Emission

0.33 A-DC

Te: 9.02%

Cathode Current

10.2 A-RMS

Anode Current

0.24 A-DC

Anode Voltage

52.0 V-DC

Neutralization Current

-0.089 A-DC
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Table 5.10 Ion Source Settings with Higher Anode Voltage
Gas Flow

3.1 SCCM

Zn: 51.81%

Cathode Emission

0.22 A-DC

Se: 37.30%

Cathode Current

9.9 A-RMS

Te: 10.88%

Anode Current

0.12 A-DC

Anode Voltage

70.0 V-DC

Neutralization Current

-0.094 A-DC

Table 5.11 Standard Ion Source Settings
Zn: 49.31%

Gas Flow

Se: 44.30%

Cathode Emission

Te: 6.39%

Cathode Current

5.7.4

4.5 SCCM
0.21 A-DC
10.0 A-RMS

Anode Current

0.12 A-DC

Anode Voltage

51.9 V-DC

Neutralization Current

-0.089 A-DC

Doping of Layered ZnTe and ZnSe Films

Since experiments with co-evaporated ZnSe and ZnTe did not yield high conductivities,
and previous literature suggested the possibility of achieving high doping levels in Super
Lattice (SL) or layered ternary ZnSexTe1-x films, doping of layered films was next
investigated. With layered films, the deposition parameters and doping conditions of
ZnSe and ZnTe can be independently tuned. Hence, we hoped that using SL structures
would give us more flexibility in controlling the Zn/Group VI ratio. Alternating ZnSe and
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ZnTe films were deposited from binary ZnSe and ZnTe sources. Films were initially
deposited by leaving the ion source on throughout the deposition. The ZnSe thickness
was maintained at 2000Å and the ZnTe thickness was varied to study the effects of
variation of the ZnTe thickness on the film’s composition. These experiments however
did not yield films with required Zn composition. Since our previous results also
suggested that interaction between ZnTe and Nitrogen ions affects the Zn/Group VI ratio,
we decided to investigate the film compositions and conductivities by leaving the ion
source off during the ZnTe deposition. This way we could isolate the ion source
completely from the ZnTe layer and minimize the compositional variations. The ZnTe
thickness was controlled by varying the thickness of each ZnTe layer, while the number
of layers of ZnTe and ZnSe was kept constant at 20. The Se flux was left off all through
the deposition. The substrate temperature was maintained at 300°C.
From Figure 5.27, varying the ZnTe thickness with the ion source turned off during ZnTe
layer deeposition did not affect the Zn content in the films. There seems to be a linear
trend in the Te content with increasing ZnTe thickness. The Se atoms could be replaced
with Te atoms and the composition could be controlled by varying the ZnTe thickness.
All layered films in the Figure 5.28 exhibited conductivity in the 10nA range at -18V
bias. As we expected, we could control the Se and Te contents in the films over a wide
range while maintaining the Zn/GroupVI ratios just over 1. This is a good result,
considering the fact that this was not possible with the co-evaporated films.
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Figure 5.28 Compositional Variations of Layered ZnSexTe1-x Films with ZnTe Thickness
(Ion Source OFF During ZnTe Deposition)
All films were investigated in more depth for conductivity. Measurements were aimed at
ruling out the effects of current limiting contacts. We found all layered films with
different Se/Te ratios to be mildly conductive, as before. Experiments, as in the coevaporated doped runs suggested the presence of current limiting contacts, disguising the
actual doping levels in these films. Polycrystalline boundaries could also be limiting the
mobility of holes, resulting in much lower conductivity. Annealing the films only made
the conductivity worse. Conductivity dropped by a factor of 10, though the elemental
composition after annealing did not change. Hence annealing is not helpful. The effects
of current limiting contacts in both layered and co evaporated films can only be overcome
by significantly increasing the doping levels. This would result in reducing the contact
resistance between Cu/ZnSexTe1-x films and increase the actual current flowing through
the external circuit. Experiments conducted at a higher substrate temperature of 450°C
resulted in lowering the sticking coefficients of both Se and Te dramatically, resulting in
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no deposition on the substrate. Since controlling composition was tougher using
compound sources, and literature indicated good control over compositional variations
using elemental sources, we investigated doping films deposited from elemental sources
next.
5.7.5

Doping of ZnSexTe1-x Films Deposited from Elemental Sources

Doping films deposited from elemental sources was also investigated. The substrate
temperature during deposition was maintained at 300°C. ZnSe and ZnTe sources were
replaced by Zn, Se, and Te. The ion source was maintained at the lowest settings and
ZnSe doping was first investigated. The compositional ratio of Zn/Se from EDS
measurements was close to one for equal Zn and Se fluxes and thickness. However, no
signs of conductivity were observed. ZnTe doping was also investigated. The Zn and Te
fluxes were varied to deposit stoichiometric ZnTe films. For equal thicknesses of Zn and
Te, a composition of 59% Zn and 41% Te was measured from EDS. ZnTe films
deposited at room temperature with the ion source on were also Zn rich. Ternary films
deposited with very low Te flux had a Zn/Group VI ratio of 1. However, the Te content
in these films was less than 5%. Increasing the Te flux resulted in increasing the
Zn/Group VI ratios beyond 1. None of these ternary films exhibited conductivity.
5.8 Results with Ternary ZnSexTe1-x as Window Layer

CdSe solar cells with ternary ZnSexTe1-x as the p-contact window layer were fabricated.
Since conductivity from co-evaporated and layered films indicated mild conductivity,
solar cells with both layered and co-evaporated films as window layers were fabricated.
The SL window layers had 5 layers each of 15nm ZnSe and 10nm ZnTe at a substrate
temperature of 300°C. The ion source was left off during the ZnTe deposition. The
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stoichiometry of the film was 52.64% Zn, 17.66% Se and 29.70% Te. For co-evaporated
films, 2000Å of ZnSe, 1800Å of ZnTe and 1000Å Se were deposited at a substrate
temperature of 300°C. The Zn. Se and Te content of the co evaporated film was 51.81%,
44.88%, and 3.31% respectively. Response of the devices fabricated using co-evaporated
and layered ZnSexTe1-x structures are tabulated in Table5.12 and Table 5.13 respectively.

Table 5.12 Results of CdSe Solar Cells with Co-Evaporated ZnSexTe1-x film as Window
Layer
Sample #

Voc (mV)

FF (%)

Jsc (mA/cm2)

02-28-06-02

120

37.6

1.63

02-28-06-03

120

39.5

4.46

02-28-06-04

110

38.3

2.41

The Q.E. responses of the devices are shown in Figure 29 and Figure 30 respectively.
Though the results indicate layered structures to be better performing, other factors such
as window layer thickness and deposition temperature could have contributed to the
lower performance of the co-evaporated films. Also the interface properties of
CdSe/ZnSexTe1-x films could be different for the co-evaporated and layered films.

Table 5.13 Results of CdSe Solar Cells with Layered ZnSexTe1-x Film as Window Layer
Sample #

Voc (mV)

FF (%)

Jsc (mA/cm2)

02-23-06-03

220

48.6

4.22

02-23-06-04

230

41.8

4.40

02-23-06-05

330

32.0

5.18

02-23-06-07

360

30.4

5.28
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Figure 5.29 Q.E. Response of CdSe/Co-Evaporated ZnSexTe1-x Devices

Figure 5.30 Q.E. Response of CdSe/Layered ZnSexTe1-x Devices
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For standard devices, the ZnSe window layer was 180Å thick and was deposited at room
temperature. The deposition temperature was 300°C for the ternary films. These
differences could have contributed to the under performance of ternary films.
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CHAPTER VI
CONCLUSIONS AND FUTURE WORK

6.1

Conclusions

Doping of ZnSexTe1-x films was investigated in co-evaporated and super lattice films.
Both super lattice and co-evaporated films resulted in mildly conductive films. All films
with Zn/Group VI ratio close to 1 exhibited conductivity and the conductivity was
insensitive to the Se/Te ratios. For films deposited by co-evaporation, Zn content close to
50% could be achieved at <10% Te content. However, in case of layered films, the Se
and Te contents in the film could be controlled over a broader range and we could still
achieve a Zn/Group VI ratio close to 1, as long as the ion source was turned off during
the ZnTe deposition. All films with Zn/Group VI ratio near 1 showed mild conductivity.
However the conductivity is underestimated due to the current limiting Cu contacts.
Four-point probe measurements did not show any conductivity.
The ion source limits the amount of Te that can be incorporated, which leaves us with a
narrow window over which doping can be accomplished. This is especially true for co
evaporated films. Higher Te can be incorporated using layered films, though the
conductivity does not seem to depend on the Te concentration. The co-evaporated films
have a very narrow window over which compositional films can be deposited. However
once the Zn/Group VI ratio of 1 is reached, changing the Te content does not seem to
change the conductivity. From this it can be inferred that the doping limiting mechanism
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in both co-evaporated and layered films is the same. It is appropriate to not again that the
II-VI films in which high conductivity was attained were grown by MBE and thus had
low defect density. It is very important to understand the behavior of Nitrogen in the
ZnSexTe1-x films. The defect density in polycrystalline films is huge and this could also
be a dominating factor in suppressing the net carrier concentration in the films studied
here. Annealing the films reduced the conductivity and higher substrate temperature
results in no deposition. Hence doping these films to higher concentration levels is a
formidable task.
6.2

Future Work Suggestions

Since extensive work has been done on studying the effects of compositional variation on
the conductivity of the ZnSexTe1-x films, the next step should be focused on improving
the doping efficiency. One way of doing this is to prevent the Nitrogen from entering the
grain boundaries. This can be done by plugging the grain boundaries by Hydrogen as
suggested in [32]. Co-Evaporation is preferred from a manufacturing perspective, and
films with slightly higher conductivity than layered films were obtained. Also the Te
content in the films is only 9% so the absorption losses in the blue region are low. It is
recommended that the doping in co-evaporated films be first investigated.
Nitrogen ion energy and flux also play an important role in controlling the dynamics of
the deposition process. Though increasing the ion energy and doubling the flux did not
seem to affect the conductivity, it is worthwhile to study the possibility of doping by
implantation, i.e., deposit the film and then implant with high energy Nitrogen ions.
Similar experiments can also be conducted on layered films.
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Since the standard devices had window layers deposited at room temperature, doping of
ZnSexTe1-x films at room temperature needs to be considered. CdSe solar cells with
ZnSexTe1-x window layers did not exhibit better performance than the standard devices.
Hence lower temperature depositions and annealing at 300°C could also be considered.
Though difficult to dope, as long as the Zn/Group VI ratio is 1 the films are mildly
conducting. At this point, the conductivity is not limited by the Te content in the films
and hence the present focus had to be directed at increasing the doping efficiency.
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